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PREFACE

The present monograph is the first volume of the Rocket Radiation

Handbook series. The unclassified volumes of the series are entitled:

I. ROCKET RADIATION PHENOMENOLOGY AND THEORY

II. MODEL EQUATIONS FOR PHOTON EMISSION RATES AND
ABSORPTION CROSS-SECTIONS

III. FUNDAMENTALS OF PHOTONICS

IV. GAS DYNAMICS AND FLOW-FIELDS OF ROCKET EXHAUSTS

V. ATMOSPHERIC PROPERTIES AND OPTICAL TRANSMISSION

VI. RADIATION SENSING SYSTEMS THEORY

Although each volume supports the others and covers a subject that is essential

to rocket radiation science, most volumes stand on their own and their material

can be used in other fields of applied physics and engineering.

The new Rocket Radiation Handbook contains the results of six years

of fundamental research and experimental data analyses of the radiant emissions

produced by rockets as they traverse the atmosphere and travel into space. At

the present level of development, the theory appears to predict most observed

radiations to within the margin of accuracy imposed by uncertainties In t0e
values of some input parameters and observational conditions.

Some e, .lier attempts te derive theoretical models for observed

rocket emissions were rather Incomplete and unsatisfactory causing engineers

In the field to become skeptical of any theoretical work. As a result the

v
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tendency has been to rely primarily on empirical Informa'tion and the belief

was held by many that satisfactory analytic expressions derived from theory,

would be Impossible to obtain in view of the perplexing multitude of phenomena

which appear to be taking place simultaneously. It is my hope that the worl'

presented here will dispel this notion.

That theoretical physics can correctly predict the overall results

of a complex mixture of man-made physical events, If the theory is worked out

properly and the basic phenomena are understood, was dramatically demonstrated

during World War II by Enrico Fermi. Fermi and his associates developed the

theory of neutron transport and nuclear chain reactors and designed the first

nuclear reactor entirely from theory without the benefit of any data on an

operating reactor. Their first nuclear reactor, when built) performed almost

exactly according to calculation.

Another interesting example is the laser. Although the basic theory

that could have predicted the principle of the laser existed in 1930, unfamil-

iarity of applied scientists and engineers with this theory, delayed the

discovery-of the laser until 1960.

The current Rocket Radiation Handbook, which is a complete revision

and considerable expansion of an earlier version, was sponsored by the Foreign

Technology Division of USAF-AFSC. In particular credit is .

Capt. Roy Chardon who was the Technical Program Manager of the effort and who

pushed most vigorously to have it compiled and issued. Col. G. R. Weinbrenner,

Commander of FTD, Col. J. H. Mann, Mr. Ken Miller, Mr. Ted Larson, and

Capt. Jeff Johnson under whose direction t.Ca work was carrie6 out, also

deserve full credit for backing this work.

vi
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ABSTRACT

A review Is given of various mechan;kms responsible for the
generation of Infrared, visible, and ultraviolet radiation from aerospace
rocIits. Key mechanisms respvnnible for most of the observed radiation
are identified by examining the order-of-magnitude of the enrergy that is
fed to each one. For the exhaust, the major mtchanisms are,

Undisturbed Core Relaxation (CORE); Afterburnivln (AB); Air
Shock Collisional Deceleration (CD); Atmospheric Pumoing (ATMP);
Solar Scattering by Particles (SOSP); Solar Ultraviolet Absorp-
tion and Reradiation (SUAR),

.hile radiation from vehicle hardware is primarily Lalesed by:

Vehicle Body Solar Reflections (VBSR); Vehicle Body Earth-
shine Reflections (VBER); Vehicle Body Self-Emissions %VBSE).

The AB and CD mechanisms are coupled and abbreviired ABCD.
CORE and ABCD radiatlon are produced in different regions of the rocket
plume and it is shown that they can be analy~ed separately; tngether
they are responsible for most of the infrared emissions from a thrusting
rocket. ATMP is a weak infraired afterglow radiation from the slowed-
down exhaust cloud that Is active only at medium-high altitudes. It
decays slowly but i s usually not observed because of its dilution and

because it is outside the fltid-of-view or a vehicle-tracking sensor.

SOSP and SUAR are primarily operative in the visible part of
the spectrum. SUAR is important at altitudes above 135 km and is shown
to be the origin of several spectacular emissions in the visible observed
di ring the Apollo space flights.

After a qualitative survey, detailed quantitative expressions
are developed for each of the main mechanisms. These expressions provide
t1i spectral radiance as a function of altitude for different types of
fuel/exhaust species. rocket hardware parameters, and rocket trajec-
tories. In the derivation of the analytical expressions for ABCD and
CORE radiances, a new approach Is presented which differs from most
earlier techniques. The new approach consists of applying the conserva-
tion law to the rate of production and loss of excited states in the
plume, the use of Gauss alvergence theorem to the radiating region, and
the application of generalized spectral broadening functions which are
evaluated in Volume I1. Although some inevitable approximations are
used, the new technique appears to give results that. are more tractable,
moce general, and more exact than those obtained by earlier methods.

Examplas are finally presented on how to calculate altitude
dependent rocket-radiation signatures In the infrared. Computer-
calculated curves of the integrated radiation in selected spectral ranges
of the 2.66 pim H20 band and the 4.26 lim CO2 band are shown as a function
of flight time for two different rockets. Computer-calculated NIR and
UVI$ spectral emissions are also presented as a function of wavelength
for a given altitude.

a x
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"I. INTRODUCTION

In the last decade, a considera'ble amount of experimental

Information has been obtained on the radiant emissions by rockets and their

exhaust gases in the aernspace environment. Measurements ranging from the

far-ultraviolet to the for-infrared have been made from such assorted plat-

forms as satellites) balloons, aircrafto and from ground-based observatories

(Refs. I thru 16). These measurements contain a great wealth of information

regarding high-altitude and deep-space chemical reactions, radiative exci-

tations and resonant transfer collisions between not only common molecules

* like H2,0 C02' CO, O• and H,2 but also less available species such as

OH, 0 and 03• which can exist in large quantities in the upper, atmosphere

and In space. In short, rocket exhaust emissions from high altitudes and

deep space provide an extrimely valuable laboratory for studies on inter-

actions of important biospheric molecu'les between themselves as well as

with photons.

It Is the objective of this first volume In the Rocket Radiation

Handbook Series) to review and discuss the major mechanisms responsible

for the radiant emissions from rockets and their exhausts, and to develop
p .

quantitative theoretical expressions which can predict these emissions.

Once such equations are available, and If shown to be substantially correct

by comparing c'dculations with measurements, they can in principle be used

In reverse to deduce Important properties of various molecules from the
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observed radiations, and thus Increase our understanding of hflgh-altitudu

and deep-space reactions and phenomena.

In Figures I-I mnd 1-2, some very spectacular emissions obtained

during te Apollo-8 flight to the moon are shown as observed and photographed

by the SAO Baker-Nunn cameras in Hawaii and Spain ýRef. /).* Although

these observations were made with black-and-white film and thus are in the

visible part of the spectrum, obviously the emissions ,nay be expected to

extend into the infrared as well. In Figure 1-3, the strong near-infrared

emissions from the v3 vibrational band of H20 (the most abundant rocket

exhaust product) of a rocket plume are shown In the vicinity of 2.8 pm

(Ref. 14). The absolute value of the emission strength dep,.c.nds of course

on the exhaust product mass flow rate or the rocket thrust. As will be seen

later it varies further with rocket velocity or altitude In a manner as

illustrated in Figure 1-4 for a satellite-launching rocket such as the

Atlas-Agena-B or Saturn.

The task before us is to theoretically predict and calculate Lhe

spectral radiations and their intensities as a function of rocket exhaust

gas parameters and atmospheric/exospheric conditions. In doing this one

findi that a satisfactory and complete theoretical treatment of rocket radi-

ation phenomena requires intimate knowledge of a wide variety of scientific

disciplines, chief among which are (see for example Refs. I through 24):

(I) Compressible Viscous Fluid Dynamics which Includes

gas mixing and two-phase flow theory

*SAO = Smithsonian Astronomical Observatory. SAO has a worldwide network

of telescopes and assisted NASA during the Apollo flights.

2
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(2) Rocket Propulsion

(3) Kinetic Theory of Gases

(4) Chemical Reaction Kinetics and Combustion

(5) Quantum Theory of Radiation

(6) Internal Physics of Molecules

(7) Spectroscopy

(8) Spectral Line-Broadening and Band-Broadening Theory

(9) Macroscopic Diffusion and Transport Theory

(10) Atmospheric Sciences and Atmospheric Transmission

(II) Solar Radiation

(12) Orbital Mechanics

(13) Sensor Systems Theory

(14) Detectability and Information Theory

(15) Geometric Optics

With such a variety of fields, It will clearly be difficult to

cover all topics to an extent that meets everyone's particular interests.

Therefore for a number of subjects, special Appendices are provided which

briefly review some relations that have been developed which may not be too

familiar to the average reader. For more widely-known topics however)

references are given to the original literature and no further elaboration

is given.

For a complete discussion of some new Approaches that were

developed by the author for treating certain problems In rocket exhaust

dynamics and radiationp a simple Appendix turned out to be Inadequate.

Thus three additional separate volumes were added to the Rocket Radiation

Handbook Series to deal with these special topicsp namely "Model Equations

7
7
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for Photon Emission Rates and Absorption Cross-Sections" (Vol. II),

"Fundamentals of Photonics" (Vol. III). and "Gas Dynamics and Flow-Fields

of Rocket Exhausts" (Vol. IV).

In the chapter that follows, the mechanisms that are responsible for

the emission of rocket radiation In the aet. pace environment will first be

described and pre-examined. In that chapter primarily the phenomenological

aspects of these mechanisms are reviewed so that a feeling can be obtained for

the kind of problems that one has to deal with and their dimensions. The

criteria of energy conservation and energy flow will be used to determine

which of the mechanisms receive most of the available kinetic and potential

energy. By assuming reasonable bounds on the possible efficiencies for the

conversion of this energy into radiation via each mechanism, it will be shown

which of the mechanisms are most important and which may be neglected. In

eliminating weak mechanisms In comparison with strong ones, one has to be

careful of course that comparisons are made in all parts of the spectrum. A

particular radiation-producing mechanism may be weak in one part of the spec-

trum when compared to others, but it may be the only one in another portion

of the spectrum where it cannot be ignored.

After the preliminary survey in Chapter 2, detailed expressions are

developed in Chapter 3 for the spectral radiant intensity of the most impor-

4 •tant mechanisms. These expressions give the emission strength for each mech-

4 anism as a function of photon frequency, altitude, and rocket parameters) and

take into account spectial broadening and view factors. Though perhaps arbi-

trary, the study of rocket radiations In this monograph have been limited

to the launch phase and the space travel phase, omitting the reentry phase

for which ablation radiation plays a major role. Reentry radiation Is well

covered by such recent publications as Ref. 25.

8
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The theoretical approach used for calculating radiant emissions

from gaseous rocket exhausts used in this monograph differs in some important

respects from most other methods that have been employed heretofore. Leaving

a rigorous mathematical proof to Chapter 3, it may be of interest to point

out here what the gross features of this new approach are.

The main feature of the new approach is the realization that under

steady-state conditions the total rate (in all directions) at which photons

escape from a hot exhaust gas, when multiplied and integrated over the various

quantum energies that these photons carry, must equal the total rate at which

energy Is supplied to excited molecular states In the gas, regardless of

whether the gas is optically thick or thin. An optically thick volume of

gas merely acts as a "delay circuit" or "resistance" to the outflow or

7 fescape of photons from the surface that bounds the volume of gas. The total

rate at which photons escape Is uneffected however whether the gas is optically

thick or thin and Is equal to the total rate of photon creation throughout

P the exhaust gas volume at any Instant. If this were not so there would be

no steady state.

The difference between an optically thick and optically thin gas isI

that it takes an average photon emitted near the center of a dense gas cloud

a lot longer tc reach the surface and escape than if the photon was born in

an optically thin gas. In the denser gas, an emitted photon is reabsorbed

and reemitted many times and even annihilated due to collisional deexcitatlon.

However because In a dense gas the collisional excitation rate equals the

collisional deexcitation rate*, collisional annihilation of virtual photons

*This is the so-called LTE (Local Thermodynamic Equilibrium) hypothesis which
can be Invoked on the basis of the law of microscopic reversibility.

9



FTD-CW-01-01-74 June 1974
Vol. I

is exactly balanced by collisional creation of them. The net result is that

photons are simply retarded as they diffuse outwards in the gas towards the

surface; for each one that starts out, eventually one will esLape.

In Volume III of this handbook, the distribution of photons in a

finite volume of gas will be treated In detail. It Is shown there that for

an optically dense volume of gas, the omnidirectional photon flux or fluence

is constant and has the same value everywhere at the surface of the gas vol-

ume. The photon emission from the surface of such a dense gas volume is then

"Lambertian" (like for solid materials), which means that the radiant intensity

in a particular direction coming from an element of surface area is proportional

the cosine of the angle that this direction makes with the surface. Since

Swe shall see in Chapter 3) we can calculate the total photon production

rate at any instan. (and their spectral distribution) which is equal to the

tota photon escape rate from a rocket exhaust, we can in the case of an opti-

ca dense low-altitude exhaust calculate the radiant intensity in any

direction by simply multiplying the total emission rate by a geometrical "view

factor" which only depends on the shape of the exhaust gas volume and the

angle at which it Is viewed.

For optically thin or non-dense exhausts that occur at high altitudes,

the photon fluence at the surface is not constant in general. In Volume III,I! expressions are provided which allow the calculation of the photon fluence

in non-dense gases and the emission Intensity in various directions from the

; j surface of various standard geometric volumes of gas (cylinder, cone, etc.).

In the limit of a completely transparent gaso the emission Is completely iso-

,ropDc and the total observed steradlance is proportional to the volume of

gas in the observer's field-of-view divided by 4 T steradlans. Again it Is

"10
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possible to multiply the total steady photon emission rate from a thin exhaust

by a simple geometric view factor, ...... ,l i,• ;,,...-- U

The above..outlined methods for calculating the radiant emission

from a rocket exhaust plume or cloud may sound complicated but are actually

much simpler to carry out than the commonly-employed technique of "slicing"

the gas volume into sections and calculating the emission from each section,

taking into account the absorption by Intervening sections between it and the

observer. The total radiation is then obtained by summing over all sections

(see for example Ref. 14).

At the end of Chapter 3 the sensitivities are examined of the

radiant intensities to changes !n the values of key parameters used in the

expressions developed in the earlier sections of Chapter 3. In Chapter 4,

examples and applications are given of radiation signature calculations

based on the equations developed in Chapter 3. A series of appendices

and a nomenclature list finally conclude this first volume of the Rocket

Radiation Handbook.

4
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2. SOURCES AND PHENOMENOLOGY OF NATURAL ROCKET RADIATION

2. I GENERAL REVIF" O1 ROCKET RADIATION SOURCES

In this chapter, the main sources will be surveyed that are

responsible for rocket radiat;on and preliminary order-of-magnitude estimates

are obtained of their contribution to the total emission.

If one wishes to be all-inclusive, one may list four types of photon*

radiation that can ermanate from a rocket, namely:

(I) "Passive" or "Natural" radiation due to body and

exhaust heat, and due to illumination by Solar, Lunar,

Earth, or Celestial radiation.

(2) "Activated" radiation due to artificial Illumination

of the rocket with radar or laser beams. This radiation

can be "pure reflection radiation" or "luminescent

reemission" (see Ref. 54).

(3) "Nuclear" photon radiation, that is gammas and X-rays

emitted by a radioactive material carried by the rocket.

This may for example occur in the case of a nuclear

rocket, or a radioisotope-power-package carrying rocket.

(4) "Elint" radiation due to telemetry signals emitted from

guidance-and-control and communication systems carvied

by the rocket.

*Other emanations (e.g., electrons, neutrons, etc.) are of course also

possible In principle.

1
13
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In this Handbook only Item (I) will be considered, that is the

passive or natural radiations which emit most strongly somewhere in the

10-7 meter (= 100 nm) to 10-3 meter (= I mm) wavelength region of the photon

spectrum, that is from the ultraviolet through the visible) infrared, and

into the radarwave region.* Thus even if the other photon radiations are

present there is no interference from nuclear radiation which emits In the

10"13 to 10-8 meter region of the spectrum, and little interference from

radar or telemetry which usually employ the 10-4 to 103 meter wavelength

range (GHz to kHz frequencies).

Even if there is some spectral overlap between the natural rocket

radiations and communication waves) the latter are confined to very narrow

frequency bands and are man-modulated (i.e., they are spatially- and phase-

coherent), whereas the natural rocket emissions in the radarwave region are

random (incoherent) and distributed over a large spectrum. Thus they are

easily distinguished. In fact in telemetry or communications technology

the natural rocket emissions in the radarwave part of the spectrum are

treated as noise.

The same can be said for laser and radar beam reflection or

reemissions whose wavelengths do fall in the UVIR range. They are also con-

fined to a narrow region of the spectrum and they are at least partially

coherent. Thus they are again easily distinguished from natural radiation in

case they happened to be present, if the radiation observations are highly

resolved spectrally. For broad-band rocket radiation sensors, the presence

*We shall call this region UVIR for short. Further*ve shall often employ the

abbreviations UV = Ultraiviolet, VIS - VI - Visible, IR a Infrared) and
RW = Radarweve or Microwave.

14
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of some laser-induced radiation from a laser-illuminator would be

unnoticeable* since the total spectrum-integrated natural radiation usually

far exceeds the reflection Qr reemitted (narrow line) laser radiation In

intensity (see also Ref. 54).

The natural rocket radiations may be subdivided Into two major

groups: (a) Vehicle Hardware Emissions, and (b) Rocket Exhaust Emissions.

Of these, the vehicle hardware emissions are easiest to understand as they

involve solid surfaces and simple solar reflections from them or deal with

solid surface self-emissions. In section 2.2 they are briefly reviewed.

The emissions produced by the rocket exhaust gases and condensablesiH4

are more complex In nature as they Involve a multitude of internal and exter-

nal interactions. It is profitable to consider a rocket exhaust as being

composed of two distinct parts; namely (I) the fast-moving region directly

behind the nozzle which is in the process of mixing with the ambient atmo-

sphere and Is colliding and slowing down with respect to it - which region

we shall call the "plume," and (2) the exhaust gases and condensables which

have slowed down and come Into equilibrium with respect to the atmos-here -

termed the "cloud." Figure 2-1 Illustrates these two regions.

Whereas the plume exists only as long as there Is thrusting, the
L-$-1 life of the cloud Is theoretically Infinite, although In practice the exhaust

Sr contained within a fixed observer's f:eld-of-view decreases due to rapid

expansion of the cloud by diffuslonal wid/or free escape processes. If

*This applies only if a laser-illuminator Is under consideration. For a
* high-energy laser-beam-powered rocket, thin statement does not hold of course.

**Typical exhaust gases are H20, H2 , CO2 , CO , HC1 ; condensables are
AA205  C2 ,and H2 0.
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observed from large distances however (for example from a deep-space orbit),

the cloud may remain totally within an observer's field-of-view for some

time as illustrated in Figure 2-2. If in this case cloud radiations such as

atmospheric pumping or solar fluorescence are operative, significant contri-

butions from these sources may be expected, which continue after thrust ces-

sation. Atmospheric pumping and solar fluorescence will be discussed in

section 2.3.

The total integrated persistent radiation from the entire cloud

may be substantial although the radiation intensity per unit surface area of

the cloud (Watts/m 2 ) is several orders of magnitude smaller than that of the

plume. If only a small portion, of the cloud is viewed, as for example in

the case of observing a rocket launch from a low-altitude satellite (LAS)

such as SKYLAB or from an aircraft (see Figure 2-2), the radiant emission

from the rocket plume, which is much more localized and higher in intensity

(Watts/m 2), would far exceed the persistent radiations from the rocket cloud

so that the latter can be Ignored. For a high-altitude satellite (HAS)

observer such as APOLLO however, the persistent radiation from the cloud

ejected by the boosters may be as large as the plume of the upper stage arid

unless some technique to discriminate between cloud and plume radiation is

employed, such a deep-space. sensor would observe persistent rocket cloud

radiations In certain unfavorable viewing situations.

i r. For the observation of short-duration rocket maneuvers or fuel

dumps during midcourse flights or in deep space, an observer on the ground,

in an aircraft, LAS or HAS will usually also have to reckon with both rocket

cloud and plume radiations, since his field-of-view will usually cover botn

the cloud and the plume. Thus In this case also, one has to reckon with

possible continuin9 cloud radiation after thrust cessation.

17
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An important factor to be considered in rocket radiation work is

the wavelength region in which most of the radiation is emitted. The peak-

radiation wavelength region varies considerably with the rocket velocity of

altitude as the detailed analyses to be given in Chapter 3 will show. These

analyses reveal that for large rocket launchings such as an Atlas, most of

the emission is in the near-infrared for the major part of the trajectory,

with peak radiations shifting slowly from lower to higher frequencies as the

rocket picks up speed. Near the burnout point when the vehicle has reached

velocities in the neighborhood of 7 to 8 km/sec, even ultraviolet and visible

emissions start to become significant. If after the launch phase a maneuver

such as a retrofiring is executed, the peak exhaust radiation is often in

the ultraviolet or visible instead of the infrared, though tbe latter is

enhanced as well of course. For reentries, the highest levels of radiation

are usually also in the ultraviolet and visible although again infrared

emissions are substantial as well.

The wavelength region in which most radiation energy is emitted

may not always be the best region for observation of course. For ground-

based and airborne observations, atmospheric attenuation severely limits

which regions of the spectrum can be used. For example the high-altitude

UV emissons which occur near burnout or during space maneuvers cannot be

observed even by high-flying aircraft or balloons because of the UV-absorb*ng

ozone layer. Satdllite observers on the other hand can observe the UV emis-

sions. In addition to attenuation considerations, the background and

foreground radiations must be considered before a final optimum observational

band can be chosen. This 6pplies to all types of observations (ground-,

air-, and space-based).

19
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2.2 VEHICLE BODY EMISSIONS

Space vehicle bodies can emit two 'ypes of passive radiation:

(a) Reflected Sunlight (daytime only)

(b) Body Self-Radiation (day or night)

For both radiations (a) and (b), the vehicle body cross-section ac(m) is

the most important parameter. Since the solar constant is about 556 Watts/m 2

for the visible (0.4 < X < 0.7 prm) dart of the spectrum, one finds that an

isotropically-reflecting* surface of c m2 and reflectivity p would give

rise to a radiant intensity of:

556 W88.6 Watts (2.1)
Vehicle 2 T 8 PVIS 0  ' (2. ')

j Reflected (mi2 )
•Sunlight
\0.4 < X < 0.7 pJm

Most space vehicle surfaces reflect diffusely instead of

isotropically and Eq. (2.1) must bu modified:

Watts
J V=hll 177 f(*) te (2.2)-( •-.•lJvehicle =17 ()PVIS(a ' ster'---

Reflected (m2)

Sunlight

*Isotropically reflecting = reflecting equally In all directions.

**Diffusely reflecting = reflecting in a direction e from the surface
normal with a relative intensity proportional to cose.

20
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where f(*) is a function varying from 0 to I, that depends on the

vehicle's surface geometry and on the sun-target-observer angle •i.

Solar UV at wavelengths below X = 0.2 pm will be completely

absorbed by most ordinary rocket or space vehicle surfaces and thus no

reflective contributions below this wavelength are normally seen. The solar

UV illumination between 0.2 and 0.4 pm amounts to about 120 Watts/m 2 ,

so that reflected radiant Intensities in this wavelength region are:

Watts
Vehicle 9.Puva ster'(23ReflIec ted (m2)
Sunl ight
0.2 < X < 0.4 pim)

for an isotropically-reflecting surface, and:

438.2 f(*) pWatts (2.4)JVehicle \=:82/€ uvj ste-"r-

Reflected (M2)
|Sunlight

(0.2 < X£ < 0.4 pm)

for a diffuse surface.

Typical space vehicle bodies have cross-sections ranging from

a = I mi2 to a = 100 m2 . Thus maximum radiant intensities from reflected sun-

Ilght will range from 177 to 17,700 Watts In the visible (0.4 to 0.7 jim)

with pVIS I, and 8 to 800 Watts In the near-ultraviolet (0.2 to 0.4 pm),
S

with typical values of PUV 0.2

2
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The self- or black-body emission by a space vehicle depends on

the vehicle's temperature T. For a diffusely emitting surface, the

black-body emission is given by:

dJ 3.80 X 10"13 f() a e Watts (2.5)

dX - xix 43j8) i~'ster ,pdX ~~ T

by Vehicle

where e is the emissivity of the vehicle's surface, and X is the

wavelength in pIm

For e vehicle body temperature of T = 273 OK, the peak emissions

occurs in the neighborhood of X = 10 pIm, and the total emission in the 8

to 12 pm region for example is:

12 pmj, ) •/ dJ Watts .)

S8 to 12 pm f • dX = 6 f(* ) oc , ster
Vehicle X = 8 Pm

(Sel f-Emismsion)

Thus typical space vehicles with ( = I m2 to a = 100 m2 will emit a

maximum (e = I ; f = I) of 6 Watts/ster to 600 Watts/ster in the 8 to

12 pIm band.

€-#

It is found that the emissions by a rocket plume in the infrared

part of the spectrum are some 1000 to 10,000 times higher than the inten-

sities one obtains from Eqs. (2.5) or (2.6) for infrared body radiation.

Thus when the rocket Is thrusting, the vehicle body self-emissions can be

neglected. Howevir during midcourse or deep-space coasting, only body

22
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self-emission occurs and thus under these circumstances the latter is the

dominant mechanism in the infrared.

The visible and ultraviolet reflections of sunlight by the rocket

vehicle are dominant of course during most of a rocket's launch trajectory

although near burnout, the visible and ultraviolet contributions by the

exhaust may exceed the hardware reflections for certain types of rockets.

In conclusions, it is evident that both (visible) solar reflections

and (infrared) body self-emissions must be included in any theory that has to

account for all rocket radiations under any circumstances (thrusting or

non-thrusting). In Chapter 3, complete expressions for these radiation

mechanisms will be given.

IZ

2//
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2.3 ROCKET EXHAUST RADIATIONS

2.3.1 Survey of Radiation Mechanisms

Rocket plume emissions have been investigated for more than 20 years

during which time a large number of mechanisms have been proposed as the cause

of the emission of exhaust radiation. The main mechanisms that have been

considered or investigated are the following (see for example Refs. I to 2!):

(I) Undisturbed Core or Mach Cone Radiation

(2) Afterburnlng Radiation

(3) CollIsional Deceleration or Plume/Air Shock Radiation

(4) Internal Shock Radiation

k5) Atmospheric Pumping Radiation

ý6) .gh-Altitude Atomic Oxygen Reactions and Radiations

(7) High-Altitude Molecular Association/Dissociation Radiations

(8) Airglow from Rocket Vehicle Air Impact Friction

(9) Scattering of Rocket Chamber Radiation by Solid and Gaseous
Exhaust Products In the Plume

(10) Scatter'- of Solar Radiation by Solid Exhaust Particles

(11) Scattering of Solar Radiation by Molecular Exhaust Species

(12) Solar Radiation Absorption and UV, VIS, IR Reemission

(13) Plume Ref ed Earthshine

It is probable that all mechanisms listed above play some part In plume

emission, but fortunately several types of emissions radiate much stronger

than others so that the others can be safely Ignored in most cases of Interest.

To determine approximately what the relative strengths of the

emissions are of the different mechanisms, In the next subsection the
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source, magnitude, and distribution of the energy responsible for driving

each mechanism will be considered. By assuming some reasonable bounds for
B

the efficiency of conversion of this energy into radiation for each mecha-

nism, we can then put them in perspective and estimate which ones are most

important.

2.3.2 Energy Considerations

As a starting point, consider the distribution of the energy

produced by the rocket propellant combustion process. The energy created

in this process is first of all divided between the rocket vehicle which

gains kinetic energy, and the expelled exhaust gases which get the balance

(see Ref. 22). Here, the rocket exhaust energy is of prime interest. The

total energy carried by the exhaust materials may be envisioned to be in

"four forms as follows:

"td otal dt )Exhaust ' Latent
Exhaust Heat Chemical
Gases Energy

+ dU +dU+ t + jat ts)Dynamic Energy +U)Potential Energy

with respect with respect to
to atmosphere earth surface (2.7)

whert.

(dU) xhaust c (

Heat
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(dU )Latent W AH , Watts (2.9)

Chemical
Energy

(dU) = 500,000 oo Watts (2. o)
dt ynamic r

(dU0 = 9,800W h , Watts (2. ll)
Sdt Poetial

Here a balance was written for the rate at which energy is released rather

than the total energy, since It Is the rate which is of main interest.

The various parameters in Eqs. (2.8) through (2.11) are defined as:

= F/I = Rocket mass expulsion rate, kgms/secsp

F = Rocket thrust, kgm (force)

I = Specific impulse, secsp

= Moles/kg of propellant fuel burned in rocket chamber

9F Moles/kg of unburned fuel leaving rocket nozzle

&Hc Molar heat of combustion of rocket fuel, Joules/mole

V r r Vr(h) =v(h) - Vh = Relative velocity of exhaust
w.,ith respect to earth-fixed coordinates, km/sec

Vv(h) = Rocket velocity with respect to earth-fixed coordinates,
v

km/sec

Vexh 0.98X I0_2 I Average exhaust valocity with respect to

rocket, km/sec
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h = Altitude, km

Te = Temperature of exhaust gases In exit plane of rocket

nozzle, 3K

T = Total temperature of exhaust gases In combustionc

chamber, OK

Except for outside sources such as the sun or energy sources stored

in the upper atmosphere) Eq. (2.7) gives the maximum amount of energy that

could possibly be available for the production of plume radiation. Of the

four sources listed. the fourth one given by Eq. (2.11) Is not known to drive

any mechanism resulting in plume radiation unless one considers reentry. It

will not be considered further.

The first component in Eq. (2.7), exhaust heat, is the remaining

thermal energy that the exhaust gases and condensables possess after they

have done work and propelled the rocket, that is:

Exhaust Combustion Rocket Exhaust (2.12)
Heat Energy Dynamic Dynamic

Energy Energy

Usually the rocket gas flow parameters are expressed in terms of Euler's

one-dimensional gas dynamic equations which together with the laws

of thermodynamics and the assumption of adiabatic conditions give the heat

content of the gas and its velocity as It exits from the rocket nozzle (see

Rocket Radiation Handbook, Volume IV).

In the combustion of rocket fuel, typical values of the heat of

combustion AHc are Hc = 250,000 Joules/mole, Te /T C 0.5, while
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S10 moles/kg, gf 10 moles/kg, and Vr may vary from -3 km/sec atgc Vrd

sea-level to 0 km/sec at 60 to 90 km altitude to +5 km/sec at burnout

(4 150 km). Thus for a rocket with a thrust of F = 100,000 kg(F) and

I = 286 sec, or for W = 350 kg(M)/sec we have that:
sp

() 4.38 X 100 Watts (2. 13)
kdtSd/Ehaus t

Heat

dU' 8.75 X 10 Watts (2. 14)
dt/Latet

Chemical
Energy

15.8 X 10' Watts (h = 0 kin) (2. 15a)

(dU 0 Watts (60 Z h f 90 km) (2..15b)
"dt Dynamic

43.8 x, 10i Watts (h O 150 km) (2. 15c)

Clearly the maximum amounts of available energy are enormous. Of course the

'! energies (2.13) through (2.15) do not give the radiation energy yet since we

still have to consider how efficiently this energy is converted into radiation.

-* Let us next investigate how the available energy might feed or drive

the radiation mechanisms (I) through (13) considered above. Core Radiation

is radiation due to the deexcitation of hot exhaust species in a region directly
A

behind the nozzle called the "Undisturbed Core" or "Mach Cone" where

no air mixing has taken place yet. If the mean transit time of the exhaust

j, 28



June 1974 FTD-CW-01-01--74
Vol. I

molecules in the core region is rM before they enter the air/exhaust mixing

region and If the mean time for radiant emission of a photon Is Tr then, as

we shall show rigorously in section 3.4, a fraction I'- exp-(rM/br)J Will

radiate in the core region.

As already mentioned, the energy for Core Radiation originates in

the rocket's heat of combustion or more precisely that portion of this heat

which i: not converted into mechanical motion. If T is the ambient tem-a

perature, the maximum possible total Core Radiation energy is according to

the second law of thermodynamics:

S;M -e -xp TM a (2. n6)*(dt )Maximum Core (Te xhaus

Radiation Heat
(All Wavelengths)

Typical values of Te. 1500 0K ,rMo 10 millisecond, r r 10

millisecond, while Ta,- 150 K . Therefore:

(L dU IdU \

_I0 0.63 x 0.83dt)Maximum Core dt 'Exhaust
Radiation Heat
(All Wavelengths)

F =.=£ 2.30 X 10 , Watts for a rocket with W/--350 kg(M)/sec

(2. 17)

*The amount of heat radiation under consideration here should not be confused

with the Intensity of radiation which Is of course proportional to T'
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The amount given by (2.17) is clearly substantial. Of course this amount

of radiation is distributed over many different wavelengths which for most

rockets usually fall primarily In the Infrared part of the electromagnetic

spectrum. The conclusion Is that Core radiation is an important infrared

contributor in rocket plume radiations.

The next mechanism, "afterburning radiation," is due to

combustion in the air of unburned fuel that Is still present in the exhaust

that leaves the nozzle. Because much hlgher I ts are obtained with fuel-sp

rich exhausts, propellants are mixed so that 50 to 80 mole percent of a
rocket exhaust contains unburned H2 and CO which can react with 02 in

the atmosphere if the latter's density is high enough. Since afterburning

is the process of converting the remaining latent chemical energy to heat

and radiation, we have:

S•T (2.18)
dt = AB (2 Ia)'Maximum ATa Latent

Afterburn."ng Chemical
Radiatior,• Energy
(Al l, Wavelengths)

where TnAB is the fractional degree of reaction of the fuel components in

the exhaust in the afterburning process and T is the mean temperature
r

of the exhaust and air after mixing and partial combustion. The parameter

TIAB is on the order of 0.3 at the lower altitudes, dropping to 0 at the

higher altitudes due to the lack of oxygen (see section 3.5). Further

T • 1000 , and T P 250 OK . Thus:
r a
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(dU a A 1.97 x 10 0 Watts, for a rocket with 1/ = 350 kg(M)/sec•" d Max. Afterburning

Radiation
(All Wa,'elengths)
(h , 20 km) (2. 19)

Afterburning radiation from rocket exhausts is also mostly in the infrared

part of the spectrum usualiy.

Collisional deceleration or plume/air shock radiation as well as

internal shock radiation both result from a conversion of bulk dynamic energy

into heat and thence to radiation. This energy source is represented by the

third term in Eq. (2.7) and given by (2.10). Thus:

IT -T\
__ r a dLU

dt /Total Collislonal T Dynamic
Deceleration or
Shock Radiation
(All Wavelengths)

.- 11.Sx log 8 Watts (h =0 km; Vr n +3 km/sec)

-- 0 • Watts (60 1 h <- 90 km)

32.8 X I0e Watts (h - 150 km ; V • -5 km/sec)r

. for a rocket with 3/ 350 kg(M)/sec (2.20)

Again It Is clear that collislonal deceleration (CD) radiatione is very

importanZ ana stronger than any of the others that we have considered sc far

I at the low (h,- 0 to 20 kin) and high (h 150 kim) altitudes.

*Some prefer the term "thermalization" or "air shock" radiation.
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The fifth mechanism on the list, "atmospheric pumping radiation"

derives its energy from the upper atmosphere, and not from any energy reser-

voirs contained in the plume. At high altitudes (above 90 km), a large

fraction of N and 0 molecules are in vibrationally-excited states N22 22

and 0* due to the high temperatures that .exist there (this enerqy came
2

originally from the sun of course). Because N and 0 are homonuclear
2 2

diatomic molecules whose vibrational dipole moment is zero, they cannot emit

(to first-order) vibrational radiation and can only transfer or receive

excitation energy via collisions. Thus If N* and 0* encounter exhaust
2 2

molecules such as H 20 and CO2 which do radiate well, excitation energy

is first transferred from N* and 0* to H 0 cf.*d CO by collisions and2 2 2 2
then emitted as radiation. The H 20 and CO2 molecules dumped into the

upper atmosphere by rocket exhausts therefore act as s.iphons which release

the otherwise "locked-up" vibrational energy stored in N and 0
2 2

Since the "pumping" or energy transfe- process can occur over and over

again because of the infinite suprly of excited N* and 0* , "atmospheric2 2

pumping radiation" is proportional to the total number of radiatdblc

molecules dumped in the upper atmosphere. That is:

dUe = z* g g AP ,Watts (2.21)S7)tmospheric cY y 9 pX

Pump ing

where:

Z* z*(h) Colllslonal excitation rate, sec
Zc C olsoa e

= Quantum energy of emitted pheton, joules/mole

,,!:;,J
. • ,I3
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9x = Moles/kg of exhaust of radlatable molecules X

W = Exhaust mass flow rate, kg/sec

t AP = Rocket burn time at altitudes where atmospheric
pumping is effective, sec

Typical values in (2.21) are zc = I sec , c = 36,000 Joules/mole,

and gX 20 moles/kg, so that:

( dU) 720,000 t , Watts (2.22)
at -tmospheric

Pumping

- •Thus for a model rocket with F = 1OO,0OO kg(F) or 3 350 kg(M)/sec, and

StAp 10 seconds, one gets:

(dU' = 25.2 X 108, Watts , (2.23)
dt 'Atmospheric

Pumping

which is quite substantial. Of course atmospheric pumping radiation occurs

over the entire length of the high-altitude portion of the rocket trail where

atmospheric pumping takes place and thus over a much larger region In space

than the other mechanisms considered so far which take place within a kilometer

or so behind the rocket. Thus a better way to estimate the effect of

atmospheric pumping radiation is to write:

* / tdU 'SAP = 0.50 X I01 , Watts/km , (2.24)
3Atm. Pump.)
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where SAp = V tp, 5 km/sec x 10 sec 50 km.

* Though weaker than the other mechanisms on a per kilometer basis,

and occurring primarily at altitudes between 90 and 150 kilometers, it appears

that atmospheric pumping radiation cannot be entirely ignored particularly if

the sensor of the observer has a large part of the rocket trail in its field-

of-view (see Figure 2-2). The wavelengths at which atmospheric pumping

radiation are emitted fall mainly in the mid- and far-infrared.

The pnssibility of radiations that accompany high-altitude chemical

reactions between exhaust species and atomic oxygen (e.g., H20 + 0 - H2 02

and CO + 0 - CO ), and high-altitude dissociations of exhaust species (e.g.,
2

CO2 -. CO - 0 and H 20 -. OH + 0), Items (6) and (7) on the list, have also been

considered. These processes are similar to "atmospheric pumping," except

that each chemical reaction-excitation process can occur only once

for a particular exhaust molecule and not repeatedly as is the case for atmo-

spheric pumping. This is because the suppliers for this radiation are the

exhaust molecules which can be consummated only once in a chemical reaction,

whereas in atmospheric pumping they remain chemically the same.

Of course if hlgh-altitude chemical reactions or dissociations are

very rapid compared to the atmospheric pumping rate, the exhaust mole-cules will

never get ý. chance to experience atmospheric pumping. This latter situation

occurs at very high altitudes and In the presence of solar ultraviolet

j radiation. However between 90 and 130 kilometers, atmospheeic pumping is

definitely operative even for a daytime launch'.

"4 The emission of hlgh-altitude chemical reaction radiation Is

estimated to be:

A)
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dUý_ N zr gX 7200 t/ Watts (2.25)

(t)High-Altitude y c x tHACR tHACR W

Chemical
Reactions

since the rate of chemical reaction zr (sec"1) is estimlated to be about a
c

hundred times slower than the vibrational excitation rate zc for atmospheric
c

pumping and very roughly e Y 40,000 Joules/mole. Here tHACR is, the

travel time of the burning rocket through that portion of the atmosphere

where high-altitude chemical reactions can take place. For W = 350 kg/sec,

tHACR 10 sec, and assuming a trail length of S - V X t 70HARHACR = HACR X HACR =7

kilometers we then get:

"d d H HACR 3.6 x I0' Watts/kmi (2.26)
Udt HACRI

since the radiation from these reactions will also oxtend over a large

portion of the rocket's trail (but only back to a point wher-, these reactions

are complete or hive come to equilibrium). Because of its weakness, high-

altitude chemical reactions (HACR) wi!! not be further considered for the

Infrared region. The other mechanlims reviewed earlier clearly dominate in

the Infrared. Only solar UV-Ioduced dissocatlons that cause UV or visible

emissions will be Investigated later In some detail as part of mechanism (!2),

"solar UV absorption end reemissior

Airglow from frictlon o." Impact of hlh-altltuda molecules with

the rocket vehicle body, Item (8) on the list, has been considered as a pos-

sible source by some. HowIiever the total energy available for this type of

radiation Is at most:
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(dU ~ 0 f n v -Zx D2\ (.2\dt/ AG arv, ,\ ar V,
d" Vehicle Friction 19AG air v v) (2 a V)

Ai rglow
(All Wavelengths)

2.48 x 10 7  iD V3 TAG Watts (2.27)= nalr ~v v ?A

where:

nair = nair(h) = air density, molecules/m3

D = Diameter of rocket vehicle, m
v

V = V (h), velocity of rocket vehicles km/secv V

M = Mass of air molecule, kgmSair =

1AG = Conversion efficiency of heat to airgiow radiation
for vehicle air friction process

At an altitude of say h = 100 km in the vicinity of which peak dynamic

heating of an ascending rocket takes place usually, one has that n 1 I019

molecules/m3 , V Fr 3 km/sec, while D 1 I0 meters for a large rocket. Then:
V v

(dU 6.70 x 10' Watts (h 100 km) (2.28)
dV ehicle Frlction

Airglow

which is negligible compared to the other sources of plume energy even If

1AG I. Therefore vehicle-induced airglow at high altitudes will not be

considered any further. Of course during reentry, when high-density air is
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encountered, radiation from body friction is very large. However in this

monograph only pre-reentry rocket radiation phenomena ere considered.

Radiation generated In the rocket combustion chamber that escapes

through the nozzle and which is subsequently scattered oi rufracted by gaseous

molecules and solid particles In the rocket plume (mechanism (9))* is another

possible source of radiation which has been suggested. Since a rocket chamber

behaves almost like an ideal block-body the maximum availabla energy can be

calculated directly from Stefan's Law:

( dU \ 5.67 x 10"8 T4 It Watts (2.29)
rdt)Maximum c ( 4

P1 ume-Scatte red
Chamber Radiation

_____ where D is the nozzle throat diameter in meters and T Is the combustion
t c

chamber temperature in OK. Taking a typical value** of Tc = 3600 °K and

Dt 0.3 meter, one gets that:

(dU M 6.73 X 105, Watts , (2.30)
•. ) ax imum

Plume-Scattered
Chamber Radiation

Again this radiation, which Is primarily In the infrared, is negligible compared

to the Core and Thermalization radiation and will not be considered further.

*This radiation has also been called the "searchlight effect" (Ref. 17).
0 **Of course this value of Tc Is related to the combustion energy production

rate (dU/dt)cobustion Energy and chamber hardware parameters.
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Next to be considered are the three solar-illuminated produced plume

radiations, Items (10) through (12) on the list. The total illumination by

the sun is about 1390 Watts/m 2 distributed over the well-known solar spectrum.

For scattering by solid ex.,,,ist particles in the plume, the total scattered

radiation amounts to:

(dl_) - 1390 N. , Watts (2.31)
\adtlpar ticle-Scattered P P

Solar Radiation

where:

N = Number of particles in the plumeP

ap = Average scattering cross-section of an exhaust
particle, m2

The number of particles in an exhaust plume or cloud is given by:

1000 f / tb
N P (2.32)

6 p p

where:

= Rocket mass expulsion rate, kg/sec

tb = Burn time, sec

f = Weight fraction In combustion products of condensable
P species p

d = Average diamter of particles, cm
p 3

pp = Average density of particles, gm/cm3
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Typically d p 10-4 cm) p P 3.5 gm/cm3  and f p I percent so that:

N p 5.46 X I012 W tb b particles (2.33)

pp

ppsize, particle chemistry and wavelength. For values of d • I •m , which

apply for typical At203 particles, and for X = D.5 pm we have

a m 2.5 x I0-14 m2 . Thus from Eqs. (2.31) and (2.33) one obtains as upper

limit on the radiation due to solar scattering:

(d 190W tb Watts ,(2.34)")"Particle-Scattered

Solar Radiation

or per kilometer of trail:

"Scattered 190 W/V v Watts/km (2.35)
'Particle-ctedv

Solar Radiation

Though the radiation given by (2.34) or (2.35) may appear to be much

less than that of the self-produced plume emissions, Items (I) through (4),

the range of wavelengths over which most of these latter emissions occur is In

the Infrared, whereas the solar-reflected radiations are in the visible which

Is much easier to detect. Also solar-reFlected radlation from exhaust plumes

and clouds is continuous and extends over the entire trail whereas the plume

self-emissions occur only during thrusting and extend to a distance of only
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a few kilometers behind the rocket. Substituting typical values of

W = 350 kg/sec and V = 3 km/sec in (2.35) one gets for example:, V

(dU 22, 167 Watts/km (2.36)
\ t'article-Scattered

Solar Radiation

Clearly particle-reflected solar radiation In the visible can be quite important.

The emission due to molecular-Rayleigh scattering of solar radiation

is given by:

I\dU tb , W a t
--- 1390 t - (2.37)

' 'Molecular-Rayleigh eg e
* Scattering of

Solar Radiation

where &Rayleigh is the wavelength-averaged cross-section in m2 for Rayleigh

scattering of solar photons by an (averaged) exhaust molecule, Me is the average

mass of the exhaust molecules In kilograms, and the other parameters are the

same as before. Typical values In (2.37) are Rayleigh 1031 m2 (see

Appendix G), and M = 4.15 X 10r 26 kg, so that:i e

\(t)Molecular-Raylelgh
Scattering of

Solar Radiation

or assuming again a velocity of Vv 3 km/sec and W 350 kg/sec:

KI
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"_( d'o l e 0.39 Watts/km (2.39)
dt 'Molecular-Rayleigh

Scatvering of
Solar Radiation

This is more than 10,000 times weaker than the particle-produced scattered

radiation given by (2.36). Because It is so weak, molecular-scattered solar

radiation will not be considered any further.

The solar spectrum contains photons which are resonant with

respect to vibrational and',electronic transitions in the exhaust species. Thus

solar photon absorptions followed by reemissions can occur in rocket plumes

(Item (12)). Of these resonant absorptions, the infrared ones which cause

vibrational excitations and which reemit in the infrared are usually weak com-

pared to the Infrared emissions by the other mechanisms we discussed. However

very bright visible and ultraviolet reemisslons have been observed for the

ultraviolet/visible absorptions at the higher altitudes (h k 130 km) which

cause electronic excitations In the exhaust molecules. For solar photons with

X : 2400 A the illumination Intensity Is I(X S 2400 A) • 6W/M 2, so that:

(dU 6 C Wat (2.40)
= 6 a\Mtb/ at

: ::i• • bsorption/Reemisslon au

of Solar UV

where all parameters are the same as before and the absorption cross-section

for solar UV photons Ma a 1021 mn. Taking M = 4.15 x 10-26 kg again, and
•W 350 kg/sec, V = 3 km/sec, one finds then that:

V
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Vo6.5 X 10 W tb , Watts -

)Absorp ti on/Reemi ss Ion
' ~of Solar UV '

-6.5 x 104 '/Vv Watts/km = 7.58 x 106 Watts/km of trail (2.41)

This amount is enormous when compared with Eqs. (2.361 and (2.39). The

reemission that follows the absorption of solar UV by exhaust plumes and

clouds can of course be partially In the infrared part of the spectrum as

well as in the visible and ultraviolet. For many exhaust molecules, the soldr

UV absorption causes dissociation and excitation ef one or more dissociated

atoms or radicals. The emission of these dissociated and excited radicals

(e.g., OH) is usually in the near-UV or visible with little or no contributions

in the infrared.

Finally consider plume-reflected earthshine radiation (Item

(13)). The illumination is mostly in the far-IR (X = 8 to 14 11m) and amounts

for near-earth altitudes (h !C 400 km) to about IIR Earthshine ' 107 Watts/mr.

This amount when scattered from solid plume particles gives rise to a

radiation of at most:

du 5U 10- ý/V 5.85 X 10-5, Watts/km , (2.42)
Sdt Plume-Reflected v

IR Earthshine

where the same parameters as In Eq. (2.34) were used except that aP 1 ,O12 m2

Instead of a 2.5 x 10"l14 m, and again 14 350 kg/sec, V • 3 km/sec.
PVIV

"4-I
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Obviously (2.42) Is too weak to be of any significance when

compared to any of the previous radiations. For Rayleigh-scattering by

exhaust molecules, the reflected energy would be even less than (2.42).

Only molecular resonant absorption and reemission of earthshine could yield

higher values than (2.42) but the atmosphere-filtered earthshine is com-

posed of just t0ose photons that are also transparent to most exhaust clouds.

So this possibility does not occur unless unusual molecular species are

present in the exhaust which absorb in the 8 to 12 pm wavelength region.

In the above, only very rough estimates were obtained of the possible

importance of various mechanisms on the basis of total available energies

and with minimum regard of the spectral distributions of the radiations or

the spatial extent over which the emissions take place. In practical appli-

cations, a more detailed analysis of each mechanism is required of course

which must include the precise spectral regions in which the radiations occur,

the dependence of the plume emissions on altitude, and the spatial extent

over which the emissions are spread.

Though crude, the estimates obtained above for the radiation strengths

of various mechanisms do give some Insight into the relative importance of

the mechanisms and allow one to disregard some obviously unimportant ones.

For convenience and for comparison) the results of the estimated energy supply

and radiation rate calculations are summarized In Table 2-1.

It should be emphasized again here, that most of the expressions used

for estimates are Incomplete In the theoretical physics sense, since we simply

Inserted various parameters such as Te ) Vv ) etc., from experimental knowledge.

Physics establishes rigid relations for example between the exit temperature Te

4
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and the mass flow rate W the rocket chamber pressure pc and chamber

temperature T , or the photon flux that leaves the surface of a body of
c

gas. From such physics relations one obtains for example Stefan's T4

radiation law for optically dense gases and solids, and by applying such

relationships throughout one can develop more precise expressions for rocket

radiation that are internally consistent.

In conclusion, the calculations given are only good for

order-of-magnitude estimates. They are unsatisfactory in that they require

a priori knowledge of several physical parameters that are not independent

but related to each other by well-established laws of physics. However they

do allow a quick assessment of the major radiation mechanisms without lengthy

and rigorous calculations. The latter will u- carried out in Chapter 3.

Si.
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2.4 PHENOMENOLOGY OF THE MAJOR ROCKET RADIATION MECHANISMS*

Having identified the major sources of rocket radiation, let us

next review each mechanism in more depth. In this section the physical

aspects of the mechanisms are examined qualitatively only, though with some

anticipation of the quantitative calculations that are given in Chapter 3.

The vehicle body radiations require little additional discussion over

what was said in section 2.2.* Thermal self-emission in the infrared occurs

of course for all bodies whose temperatures are nonzero and is well understood

in terms of the theories developed originally by Maxwell, Boltzmann, Wien,

and Planck (see for example Chapter 2 of Ref. 2). Reflected solar radiation

fromd solid surfaces is likewise a well-studied and well-understood phenomenon.

Afterburning radiation, as the name indicates, is due to the further

combustion of unburnt rocket fuel in the atmosphere after it has been expelled

from the rocket into the atmosphere. Most rockets attain the highest specific

impulse (I sp) for a given propellant/oxidant combination if the mixture is

burnt "fuel-rich,' that is if an excess of hydrogen or hydrogen-bearing

propellant is provided over and above the stoichiometric amount required for

complete combustion. The exhausts of most rockets therefore contain large

amounts of unburnt H2 , CO , or hydrocarbons C H which, if conditions are
xy

"right. will undergo combustion with the oxygen of the atmosphere In the air/

exhaust mixing region of the plume (see Figure 2-1). Tables 2-2 and 2-3 list

typical rocket fuels and their exhaust products.

*Some of the material presented in this section is slightly repetitive
when compared to the discussion given in section 2.3. This is done in the
interest of completeness.

**We shall abbreviate the two vehicle body radiations by VBSR = Vehicle Body
Solar Reflections and VBSE = Vehicle Body Self-Emissions.
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The heat liber'ated by the Afterburning (AB) process together with the

heat produced by the air-shock or "Collisional Deceleration" (CD)* of the exhaust

causes a substantial temperature rise in the air/exhaust mixing region (see

Figure 2-I) which gives rise to what we shall term "ABCD" (Afterburning an6 Col-

lisional Deceleration) radiation for short. At the lower altitudes, ABCD radiation

is responsible for some 90% of the total infrared rocket radiation with Mach Cone

or Undisturbed Core radiatLion"H" (to be discussed later) generating most of the

remainder. If the sun is shining, vehicle body solar reflections will givw most

of the visible signal although there is also "spill-over" visible radiation from

the ABCD mechanism at low altitudes that causes the plume to be visible when the

rocket lifts off.

As a rocket reaches altitudes above 60 kilometers, Afterburning ceases

to be important in comparison with Core and Collisional Deceleration radiations

because the atmospheric oxygen supply (which sustains afterburning) is very low

in concentration at these altitudes. Thus although we shall often continue to

use the term "ABCD" radiation for convenience, the Afterburning contribution to

this radiation mechanism ceases to be Important at the higher altitudes.

When a rocket reaches a velocity of about V = 3 km/sec, the average
v

* air-related velocity V = Vv - V of the exhaust is V • 0 since the exhaust
r v exh r

velocity e - 3 km/sec. *** When this happens (usually at an altitude of 70;<
exh

h h• 90 km), the radiation from Collisional.Deceleration is minimal and

S: |primarily Core Radiation Is emitted from the plume (point B in Figure I-4).

*Still another name sometimes given to this mechanism is "Rethermalization."

**We shall often abbreviate this to CORE or Core Radiation.

***The parameter designated Ve Is reserved for the mean exhaust velocity In the

nozzle exit plone (see section 3); Vexh Is the maximum mean exhaust veloclt'
which may be equal to oi larger than V.
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However above an altitude of about 80 to 100 km, where the vehicle velocity

Vv begins to exceed 3 km/sec (and thus Vr = Vv - Vexh becomes positive) since

Vexh 3 km/sec)1 the radiation due to Collisional Deceleration (CO) becomes

important again. Near burnout, both Core and CD radiation have high values,

unless the altitude is above 200 km where CD fades out.

It is primarily Collisional Deceleration and Afterburning radiation

that produces the first maximum (point A) at low altitudes and is responsible

for the minimum at point B of Figure 1-4. The second maximum at high alti-

tudes (point C) is due to both Core and CD radiation. As we shall see in

Chapter 3, Collisional Deceleration radiation is proportional to the factor

F(V r) exp'IB/(Xo2)I , where X° is the band-center emission wavelength, and

B is a constant. When the rocket vehicle velocity Vv increases from 0 to

8 km/sec1 V varies from -3 km/sec through 0 km/sec, ending at +5 km/secr

since Vexh • 3 km/sec. Thus since F(V ) is larger, the larger the value ofexh Qr

2 is, a maximum of radiation (for constant B and Xo) occurs at lift-off when

S-3 km/sec, a minimum appears at V = 0 km/sec and a second maximum occursr r

at V +5 km/sec at burnout. The constant B has such a value that when
r

I ! IVr r 4 km/sec, the factor F(V r) Is high for values of X that fall in

the infrared region due to pure vibrational transitions. For values of Vr

that exceed 4 km/sec, ultraviolet/visible emissions from allowed electronic

transitions become also quite important. Of course the infrared emissions

get higher too as the value of V Increases from 4 to 5 km/sec.S~r

All these comments apply only of course as !ong As there Is air for

the exhaust to collide with. Above about 200 km the mean path between col-

lisions exceeds the field-of-view and as a result CD radiation fades out

above this altitude.
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When the exhaust gas molecules leave the rocket engine, a fair

portion is in excited vibrational states. These molecules will deexcite in

a time on the order of ten milliseconds with t:,e emission of an infrared

photon.* The emission takes place directly behind the nozzle shown in

Figure 2-1 where ambient air cannot mix with the exhaust. This Undisturbed

Core Region, also called the Mach Cone Region, Is roughly conical

in shape. It is relatively small at low altitudes becoming larger and larger

at the higher altitudes. Its boundary is determined by the speed with which

ambient air diffuses Inwards into the exhaust jet by turbulent diffusion.

At sea-level the length of the core Is on the order of two nozzle exit plane

diameters (- I meter), while at burnout altitudes (h - 150 km), it is on the

order of I km due to the fact that the air Is extremely thin there and the

mean free path for a collision has become almost I km. Figure 2-3 shows the

exponential changes of the key atmospheric parameters with altitude according

to the U.S. standard 1962 atmosphere composed by AFCRL (Ref. 24).

The radiation emitted by the Core region is always present throughout

powered flight. Its magnitude is about one to two orders-of-magnitude smaller

than Collisional Deceleration radiation at the lower altitudes, but it starts

to rise at about 25 km reaching a maximum constant level at 120 km that is of

the same magnitude as CD radiation. Above 200 km, where CD radiation fades

out, Core radiation Is the main source of rocket radiation from a burning rocket.

After passage through the undisturbed Core region where they

:hcd tc!e -f their internal excitation energy, the exhaust molecules enter

the air/exhaust mixing region where they encounter air molecules with which

*For a discussion of the various types of excitations and emissions that a
molecule can experience, see Chapter I of Vol. II, Rocket Radiation Handbook.
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they collide (see Figure 2-). Due to the high relative velocities of the
exhaust molecules with respect to the atmospheric molecules (r = 2 to 6 km/sec

r

for boosters and 7 to 9 km/sec for orbital maneuvers), vibrational ((•r)min O

I km/sec) and electronic ((Vr)mmi ý 4 km/sec) excitations will be induced

in both the exhaust and atmospheric molecules and atoms during these colli-

sions. The subsequent emission of radiation after these excitations occurs

within microseconds for electronic excitations and in milliseconds for the
vibrational excitations.

Since the first fast collisions with air molecules occur within a

millisecond to seconds after the exhaust molecules have left the nozzle and

since subsequent emission of radiation occurs within milliseconds, the Col-

lisional Deceleration radiation produced by a rocket exhaust s essentially

operative only as long as the rocket is thrusting. Within seconds after thrust

cessation (the exact decay time depends of course on altitude), all of the

last exhausted molecules have experienced at least their first slowing-down

collision and nearly all have had two, three, or more additional collisions

and have essentially slowed down to ambient molecular speeds at altitudes not

exceeding 200 kilometers. We conclude from this therefore that Collisional

Deceleration radiation ceases immediately after thrust cessation, and while

the rocket is burning it is directly proportional to rocket thrust which

determines the number of molecules exhausted per second and thus the number

V of collisions and emissions per second.

After having slowed down in about 0. I to 10 seconds, the exhaust

molecules next engage in energy exchange interactions with the ambient atmo-

sphere at equilibrium (slowed-down) speeds in the process we called

"Atmospheric Pumping" In section 2.3. As we shall see in Chapter 3, at
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altitudes between 90 and 150 kilometers, exhaust molecules such as H2 0 and

CO2 can be continuously "pumped" by the atmosphere and allowed to radiate

efficiently in their characteristic vibrational wavelength bands. Since

Atmospheric Pumping (ATMP) is repeated over and over again, the radiation

from this process is persistent and can be observed as long as the exhaust

cloud is reasonably dense and in the field-of-view of the observer, and of

course if its radiation intensity is above any backgrounds. ATMP radiation

is weak in intensity (Watts/mr) when compared to ABCD and CORE radiation

and behaves similarly to a high-altitude atmospheric cloud of water vapor.

The key altitude-dependent parameters of the earth atmosphere

important to the Atmospheric Pumping process are shown in Figure 2.3. Prob-

ably the most important parameters are the atmospheric collision frequency

(or mean free path) and the ambient temperature. Figure 2-3b shows

above 90 kilometers the collision frequency between species is less than

104 sec or the time between collisions is more than I0-4 seconds. Since,

as mentioned, most molecular vibrational states deexcite spontaneously at

decay times of to 10 seconds, this means that a vibrationally-excited

molecule has sufficient time to release its excitation energy via the emission

of rddiation, before a collision takes place in which this energy is trans-

ferred and redistributed as translational kinetic energy. In macroscopic

language, energized gases at densities above altitudes of 90 km dissipate

excited vibrational energy more efficiently through radiation than via

conduction and convection) provided they are Infrared-active.

Excited molecules such as H 0 and CO

molecules can radiate efficiently and strongly in their vibrational bands when

present In the atmosphere. N and 0 on the other hand do not radiate
2 2

vibrational energy In first-order transitions because they do not possess
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a vibrational dipole moment. Instead they transfer vibrational energy to

other N and 0 molecules, or to h 0 and CO molecules if present, by col-
2 2 2 2

lisions. Quadrupole or higher-order vibrational radiative transitions are

possible for N2 and 02 but they have decay times of seconds to minutes so

that at the altitudes under consideration a collision has occurred (with

radiationless energy transfer) long before the excited N or 0 molecule can
2 2

radiate a quantum. At higher altitudes where the density is low enough, the

higher-order transitions can efficiently produce radiation. However few N2

and 02 molecules exist an~y more at these altitudes since prolonged solar

irradiation has caused these molecules to dissociate to atoms there.

It is clear from tOe above that large amounts of H20 or CO2 dumped

in the atmosphere at altitudes above 90 km and below about 300 km, if vibra-

tionally excited, are very el'flcient radiators. The atmospheric temperature

above an altitude of 110 km rises sharply from 300 OK to 1500 OK at 300 km

producing a large population ol vlbrationally-excited 0* and N* which do
2 2

not radiate. With H2 0 or CO thrown In however the atmosphere-stored exci-

tation energy can be siphoned off in collisional transfers, and then

radiated away via collisions like N* + * + +N +hv and
2 2 C 2  N2  2 2* *

0*2 + H 20 - H 02 2 H20 + 02 + hv . Because the air density drops expo-

nentially and exhaust molecules get more and more rapidly dissociated at

i 1 high altitudes, atmospheric pumping at altitudes above about 200 km is

Sfextremely dilute and for most practical purposes, only at altitudes between

90 and 150 km can atmospheric pumping radiation be strong enough (if captured

by the sensor's field-of-view) to be noticeable.

*See Vol. II, Rocket Radiation Handbook for more details on the radiation

physics of molecules.
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The basic energy source responsible for Atmospheric Pumping

radiation is the earth's upper atmosphere, or going one step further back,

the sun which excited the 02 and N in the upper atmosphere. Although in day-2 2

time illumination by solar UV radiation at high altitudes will cause ultimate

dissocation of most exhaust molecules, the rate of this dissociation appears

to be too slow to cause an appreciable effect on the molecular exhaust gas

population at altitudes below 150 km. Therefore Atmospheric Pumping radiation

during usual observation times (minutes) is usually uneffected by this

dissociation at altitudes between 90 and 150 km.

The solar UV effects just mentioned bring us to the fifth important

radiation generating mechanism in the rocket exhaust. In additior to, and

simultaneously with the "ABCD," "CORE," and "ATMP" radiation mechanisms,

ultraviolet illumination by the sun which exists above altitudes of 150

kilometers will promote strong absorptions and excitations of the exhaust

molecules, which then reradiate the absorbed energy at various characteristic

wavelengths. UV absorption cross-sections are extremely high for all molecules

and several order-of-magnitudes higher than IR absorption cross-sections.

Because the sun's spectrum drops very steeply in the UV as shown in

Figure 2-4 and Table 2-4, the highest UV wavelength XUV which a molecule still

absorbs becomes very important. For rocket exhaust gases, the OH molecule is

the species which has the highest UV wavelength absorption cut-off (XU •

S3100 Angstroms), and thus tha more OH (or H 0 from which it dissociates) is
2

present in a rocket exhaust, the stronger the emission Is from the UV

absorption/reewission ur fluorescence process." Most other exhaust molecules

*We shall abbreviate this process to SUAR = Solar Ultraviolet Absorption and
Reradlation. The term "fluorescence" Is also appropriate though some authors
have restricted the word "fluorescence" to phenomena that involve only
electronic excitations and deexcitations In solid materials.

58



June 1974 FTD-CW-01-01-74
Vol. I

0.25 ' I " I I I i i1 1 1 1 1 i I" J
NOTE: Shaded areas indicate
absorption, at sea level, due
to the atmospheric constituents
shown.

I,,_'Solar Irradiation Curve Outside Atmosphere

.- Solar Irradiation Curve at Sea LevelS0.15
for Blackbody at 5900K'N ij

E Jj \o=~~I0~ I \ H20

0.05 /- J H2 0,HO CC2

HH20, CO,H20'
,:'i;.:•!!•;'•- H-g•.. H O C

0 N• ':~~h..! .. • .•... L.. -..,._..

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 I.6 1.8 2,0 2Z2 2.4 2.6 2.8 3.0 3.2

WAVELENGTH (4

FIGURE 2-4. SOLAR ILLUMINATION CURVES BELOW AND
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TABLE 2-4. SOLAR SPECTRAL IRRADIANCE FOR QUIET SUN, OUTSIDE THE EARTH'S

ATMOSPHERE AT THE MEAN SUN-TO-EARTH DISTANCE; H = 1390 W m-2

oth AX

Wavelenq.h HAx HA0/H Wavelength HA HAX/Ho
Interval 2 -(W m"2 Ax") (I) Interval (W m- 2 Ax") (I)

(A)

1-8 < I0"9 < 10 0.5-0.6 193 13.9

8-31 10 7 x 10- 0.6-0.7 162 H1.7

31-165 0.70 x 10"3t 4.9 X 1O"5t 0.7-0.8 120 9.2

165-303 I. 18 x 10-3 8.3 x 10-5 0.8-0.9 101 7.2

304 0.25 X 10-3 1.8 x 10-5 0.9-1.0 81 5.8

-3 -4

305-460 3.15 x 10- 2.2 X 10" 1.0-1.1I 66 4.8

460-1215 1.74 x I0- 1.2 x 10 1.1-1.2 55 4.0

1216 4.40X x0"3 3.1 x 10-4 1.2-1.3 45 3.2

12 16-1800 3.30 x 10" 2.3 X I0-3 1.3-1.5 66 4.7

1800-2250 0.9 6.5 x 10" 2  1.5-2.0 84 6.1

(1) 1.0-3.0 54 3.9

0.225-0.3 17 1.3 3.0-11.0 27 1.9

0.3-0.4 110 7.9 11.0-30.0 0.7 0.05

0.4-0.5 200 14.4 I cm-30 m 10 < 10

*Increases I03 and I05 for disturbed sun and for Class 3 flare respectively.

"Increases by f~ctor of at least 50 for disturbed sun.
tIncreases by factor of 7 for disturbed sun.

ttIncreases by factor of I03 for disturbed sun.
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have cut-off wavelengths at approximately 2000 Angstroms, where the solar

photon flux is less than one-tenth of that between 2000 to 3000 Angstroms.

Besides solar absorption and reradiation, solar photons can also be

scattered by rocket exhausts as discussed already in section 2.3. Calcula-

tions show that only scattering from solid particles present in a rocket

exhaust are significant.* Rayleigh scattttring from molecules is so weak that

it can be ignored far all practical ,urposes. Since solid particles form

primarily in the exhausts of solid rockets (At 2 03 parti-les and H20 conden-

sation on them), solar scattering is usually important only for solid rockets,

at high altitudes. At low altitudes where the atmosphere is still dense, H20

vapor from liquid rockets can also condense (see Figure 2-5). However

above 90 kilometers, this can happen only In the presence of a sufficient

number of solid particle nuclei, which are usually absent in the exhausts

of liquid-propellant rockets.

Whereas ABCD and CORE radiation are proportional to flow rate or

thrust (W-= F/I sp) and are emitted within a kilometer or so behind the rocket

in the plume region, the emission from thi other three mechanisms (ATMP, SUAR,

and SOPS) is proportional to the total amount of exhaust product (W) that is

released in the cloud region which occupies the entire rocket trail (see

Figures 2-1 and 2-2). It is thus more appropriate to express the amount of

radiation from the latter three mechanisms on a per kilometer-of-trail basis

or even better on the basis of a square kilometer Ir the field-of-view of a

sensor. It is clearly Important then to know how the exhaust spreads and

distributei itself in the atnrjsphere.

*We shall abbreviate the solar photon particle scattering mechanism to SOPS
In what follows.
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Immediately after leaving the rocket nozzle, the exhaust molecules

expand as a supersonic jet with a shock structure as illustred in Figure 2-1.

At high altitudes, the shocks are very thick and merge with the air/plume mix-

ing region, because of the thinness of the air. After passing through the

undisturbed core region in about 10-3 to 10-2 seconds, the exhaust molecules

enter the mixing region where they -emain for approximately 10-2 to 10-1

seconds and where they undergo the slowing-down collisions mentioned before.

The maximum diameter of the plume's supersonic region occurs where the jet has

expanded to a pressure that equals the atmospheric pressure. Typical plume

diameters vary between I and 4 km at altitudes between 150 and 250 kilometers

(Fee Figure 2-6 and Ref. 4). These are only gross descriptions and for more

details, Vol. iV of the Rocket Radiation Handbook should be consulted which

discusses the fluid dynamics and geometry of the exhaust plume in depth.

After slowing down, the molecules begin to diffuse outward into

space and into the atmosphere with a density distribution determined by the

diffusion laws and/or free expansion physics depending on the atmospheric

density. The speed of average lateral diffusion is on the order of meters/

second at the lower altitudes (h - 100 km) to km/sec in the hard vacuum of

space. It is during this second expansion phase, that the molecules partici-

pate in the infrared ATMP process (at altitudes between about 90 and 150

kilometers) which may be observed for minutes to hours, depending on the solid

angle that the observer subtends at the cloud and provIded the background

intensity is not too high (ATMP radiation may be substantial when all of it

is considered but it Is dilute c;nd thus weak in inteslty). Similarly the

* SOPS and SUAR emissions In the visible may be observed for extended periods

of time under the appropriate circumstances.

ef



FTD-CW-01-01- 74 June 1974
Vol. I

PC = 50 bars =2 = 725 ps; . ,5

Sy' = 1.25 ••

1 e

3

E

0..

0P 10: 
1) 

Y 1O '(Y

' 4 -1

o I - I 0 /Y

2 .... J kni"

II

Dt = Nozzle Throat Diam, m

10'y = Exhaust Gas Coefficient (y = C /Cv

ft 1.25 for rocket exhaust gases)
LE0 ETypical maximum = Atmospheric pressure, bars

4 diameters of rocket
dplumes as meuePC = Rocket chamber pressure, barspue as measured

from SAO Baker-Nunn
f photographs and NASA *See Vol. IV, Rocket Radiation Handbook

high-altitude cloud
experiments (Refs.3,
"4, and 5).

"000 200 300 400
Altitude h, km

FIGURE 2-6. CALCULATED ROCKET PLUME DIAMETERS
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To summarize in addition to the two vehicle body radiation

processes of solar reflection and self-emission, there are six important

radiation-producing mechanisms for rocket exhausts which take place in two

distinct stages of exhaust gas expansion into the atmosphere. Table 2-5

summarizes the main phenomenological aspects of the six exhaust radiation

mechanisms while Figure 2-I illustrates the two steps in exhaust gas spatial

behavior. Order-of-magnitude estimates of the radiation strengths of the

six mechanisms were listed In Table 2-I.

to
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3. QUANTITATIVE THEORY OF ROCKET RADIATION

3.1 PRELIMINARY DEFINITIONS

The physical quantities of prime interest in optical sensing of

space objects are the radiation flux HT(X) in Watts/M 2 or spectral flux
2I

dHT(X)/dX in Watts/(m2 .4m) coming from the object or target at the sensor

location, and that from any background HB(X) which may be present. Both

H HT(k) and HB(X) are assumed to have values in a certain portion of the

electromagnetic spectrum at wavelength X.

in nearly all cases of interest, the targets may be considered

point sources of radiation, or may be treated as an equivalent point souirce.

The background radiatiun is always an extended source however. The radiant

flux of an extended source must be Integrated over all solid angles within

the angular field-of-view (fov) of the optics of the sensor. Background

radiations and other sensor relations are covered in Vol. VI of the Rocket

Radiation Handbook and we shall not consider them further here. In this

volume we concentrate on analyzing the radiation coming from man-made spacew
objects which may be considered point sources or equivalent point sources.

The optical radiation emitted by space objects can be divided Into

two categories: (I) that emitted due to scattering of Incident radiation

from a separate Illuminating source, and (2) that emitted by a space object

from Its thermal or chemical energy reservoir, (either self-provided or

with the help of nature (e.g., ATMP)) which we shall term "self-emission."

O~
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In the first case the radiation spectrum will be characteristic of the

illuminating source while in the second case the spectrum is characteristic

of the rocket's exhaust or hardware.

Sources of illumination of space objects can be point sources such

as the sun, the moon, a iaser, or a radar. Or they are extended sources like

the reflected solar radiation from tne earth's surface. We shall primarily

consider natural point source illuminators here. Since the moon is so much

weaker than the sun, usually only the sun will be of interest in most

applications.

The self-emission of radiation by a solid body in space is determined

by the temperature of the object whose value is established by the balance of

energy absorption and emission. For most space objects the absorbed energy

comes from solar heating and earth radiation. Self-emission by rocket exhaust

gases is Also strongly dependent on the gas temperature, but in contrast to

vehicle hardware, Its value is determined by the various mechanisms discussed

in Chapter 2.

The radiation flux from a target at a sensor is in general

dependent on wavelength, source strength and the distance from the sensor to

the target. The various dependencies are most conveniently separated in terms

of target cross-sections) reflectivities or emissivlties and illumination or

self-emittance strengths. For illuminated spaci objects, the radiation: intensity

HT(X','Ofs) at a sensor a distance S away may he expressed by the relation:

H T(X, as ) = as(,a) p(X) Hlx) Watts/rn (3.0

(reflection) 4,n S2  I
i ia
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where:

a('fs) = Apparent Isotropic reflection cross-section

of the space object, m2

= Illuminator-target-observer angle, degrees

a5s Orientation angle of space object with respect

to illuminating source, that is angle between

the space object axis and object-to-sun line.

= Orientation angle of space object with respect
0

to observer, that is angle between the space
object axis and the object-to-observer line.

p(,) = Reflectivity of the space object at wavelength

X for normal incidence

H(I) = Illumination strength at the space object of

general illuminator I, Watts/mr2

HS(),. = Solar illumination strength, Watts/m2

S = fistance from sensor to space object, meters

HT(xTIs = Radiation Intensity at the sensor location,

Watts/mr
2

By expressing H In terms of a , p ) HI , and S , we may
T ,HnSsea

conveniently separate effects due to geometry, due to wavelength, and due to

the Illumination source strength. The apparent reflection cross-section

sCMas) depends only on the relative angle fI between the observer, the

Sspace object, and the illuminating source, and on the orientation angle aS"• S

of the space object with respect to the Illuminator. The apparent cross-
I

section as as defined by Eq. (3.I), nmel-/ as = 4r 1 R2 HT/H 1 , is that of an

equivalent isotropic point scatterer. This definition appears more gemral

A
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than if a were defined according to the relation ' = Ap TT S2 HT/pH I

which is a special result for diffuse scattering, or A" A ck's) whbh

applies to specular reflections. Here A" is an opt-ically flat specularly

reflecting surface facing the Illuminator and 6(x) is the Lirac delta

function, that is 6(x=o) = I and 6(xýo) = 0. A is the projected surfaceP

area of i diffusely emitting surface of constant emission intensity. The

difference between the diffuse and isotropic scattering definition of a.

involves a factor of 4 and is unimportant as long as the same consistent

defining equation is used to calculate HT In section 3.2 analytical

cross-sections a for body-scattered radiation will be derived tor boths

diffuse and specularly reflecting surfaces of various vehicle geometrics.

The normal reflectivity p(X) can often be assumed constant, that

is a spectrum-av-eraged value can be taken for example in the visible region

for illumination by the sun. Values of the reflectivity p for typical

aerospace structural materials are given in Appendix A. In textbooks on

optical physics, p is often shown to vary with angle of incidence for the

case of specular reflection. Here we shall incorporate all angular depen-

dences in the cross-section cr , and always take for p the value corresponding

to normal inridence (see also section 3.2).

The Illumination flux HS from the sun has a spectral distribution

discussed in Appendix B. The total energy flux from the suo near the top of

the earth atmosphere is 1390 Watts/mr of which approximately 40 percent or

556 Watts/mn is in the visible between 4000 and 7000 Angstromns.

Pulsed laser fluxes Ht of 102 - I0" Watts/irn are obtainable with
L

current lasers at a laser to targtt distame of 100 km 'approximatel': 60
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mi Ilevs) For lasers the radiation is extremely nmonochrolmlt ic (AtN 10-6

, -14
to 10 1, ,fnd no spectrum averaging is required. We shail I not c(onsidtur

Ist',-r i llu minators in any detail in this monograph* and only mentlion thvic,

as a basis lor comparison with solar i liumination.

For reflection from condensed particles in the rocket exhouut,

Eq. \3. 1) still applies except that we must now sum or integrate over all

Lhe cross-sections ,T5s(.•,0Ys ) of all the particles in the exhaus.t Cl(Ald whivh

will have a multitude of orientations ci Instead of integrating overs

".'.sIhC's), it is usually simpler to consider the scattering cross-section

,p0'a ,sX) defined by:

S-p (TI,c ) PM , (3 2)

when we analyze photon scattering from small particles. That is we incorporate

the reflection coefficient in the cross-section. In section 3.3, we shall

investigate photon-particle scattering cross-sections in detail.

Th.- radiation intensity that is obse-ved due to self-emission by

, objects in space depends on the source's projected area or cross-section ae

as viewed by the observer, on the surface emissivity s , and on the source's

blackbody emission WBB (determined by the temperature T):

IBB

"H NTa (eor c(X) dWU8 /dX Watts (3.3'

d). TI S 
13 I3

_ _ _i__ _ i ___

F� ,,,C 0*"• V'I;.- . 0S OV
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Here S is again the distance between observer and radieting object in

nmeters, and:

() = Emissivity of radiating object

oe(co) = Equivalent isotropic emission cross-section

of object as seen by observer, m2

1 0 = Angle between the target body axis and the

line-of-sight of the observer, degrees

= Radiation wavelength, im

dWBB/dX = Blackbody radiant emission, Watts/(m2 " Im)

Analytical expressions and curves for dW BB/dX of standard

blackbody radiation are given in Appendix B. If e(X) can be assumed

constant as a function of wavelength, that is e(X) - i, Eq. (3.3) can be

inLegrated over X for any desired wavelength interval say between

and X2

He-(Co 0 WBB(X 2+'1XI Watts (3.4)HT(2• I = 4rr S2 , m• 234

(emission)

Tables allewing the calculation of WBB(X2"-4XI) for tiny given temperature

T and any wavelength Interval are given in Appendix B, while emiss;vities

c of typical spa.;e vehicle materials are listed in Appendix A.

We find that the Poin problem In determining HT for solid

vehicle bodies in space ;s that of determining the geometric cross-sections

-(*, 0- e of the target, which will be taken up in sections 3.2.1,



June 1974 FTD- CW-01-01- 74
Vol. I

3.2.2, and 3.2.3. The other parameters p , e , and HS are nearly

always constants, while WBB can a' ays be calculated if T is known.

The distance S is of course a variable and is therefore left as an explicit

parameter in the expressions for HT

For self-emissions by the gaseous rocket exhaust molecules, one

could also use (3.3) in principle by integrating it over all molecules.

However for molecules it is more expedient to use a cross-section ae(CoX)

defined by:

ae(1C,) = e(ao) C(X) m2  (3.5)

instead of a(X). In fact, as we shall see in section 3.3, we shall rewrite

0 the entire product ae (o) • e(X) dWBB /dX of Eq.(3.3) and use different

expressions for the energy source term dWBB /d.

Because a division by the square of the observer-to-target range

S2 always occurs for point targets, it is convenient to write all radiation

expressions in terms of the "radiant intensity" J(x) or dJ/dX instead

of HT(X) or dHT(X)/dX (see Ref. 2). The "radiant intensity" J(X) and

the energy flux or "irradiance" H T(X) are simply related by:

H-(X) = , Watts (3.6)

S2  m 2

J(X)HT Watts (3.7)
= (X) ,star
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dHT(X) -- I dJ(X) Watts_ L J% (3.8)
dX s2 dX m2 .pPm

dJ(X) =dHT(X) Watts
dX dX ' ster • pm

In all that follows we shall develop expressions for the parameters J(X) or

dJ/dX instead of H(X) and dH/dX although in any application the latter

aie actually required.

Note that the total "radiant power" P(X) emitted by radiation

source is given by:

P(x) =.fJ(X) dM =JS2 HT(X) dO, Watts (3.10)

Applying this to Eqs. (3.1) and (3.4) yields:

P(X)reflection p(X) Hs(M) MT , Watts (3.11)

and:

x--) = 'X ....uJ a- , Watts (3.12)P(Xl X'2) •WBB(XkI"" 2- 14T
sel f-emiss ion

Equations (3.11) and (3.12) show that if a and ae were-constant

and Independent of direction 0 (isotropic scatterer) or if they can be
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approximated by average values, the integration over C1 yields simply 471 and

thus a s(I,*s) constant, and e(ao) 0 7 = constant. It is for this

reason that we defined our cross-sections as equivalent isotropic cross-sections

and normalized with 4n rather than with rt. Thus for a flat surface of area A

which reflects or emits diffusely according to the cosine law (see sections

3.2 and 3.3), we have that (cr = a or a = a):

fa M 4a rr A, m (3. 13)

and thus:

- A m2  (3.14)
- 4 jP

Before concluding this section on preliminary definitions, one

additional item must be conrtdered. In observing the radiation from rocket

exhaust gases, a sensor's field-of-view can either follow the moving rocket

vehicle, or it can be fixed and non-moving while looking at the region of

-space where the exhaust cloud dwells. We shail call the first operational

. mode the Target Tracking Observation mode (labeled TTO for short), and the

second case the Integrated Cloud Observation (ICO) mode. Usually TTO Is used

In studying earth-to-space launching rockets, while ICO Is employed for the

study of space maneuvers with short burntimes.

'I
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3.2 VEHICLE BODY RADIATIONS

3.2.1 Vehicle Body Solar Reflections (VBSR)

The radiant intensity of reflected light from a point source such

as the sun which illuminates a body in space, depends on the body geometry

and on the orientation of the body with respect to the illuminating source

and the observer. Most space vehicles can be considered to be composed of

spherical, cylindrical, and conical components of anodized aluminum with

some or all surfaces coated with paint. The radiation reflected from these

surfaces may therefore be a combination of both specular and diffuse

reflections, though usually the emission approaches that of a diffuse

reflector.

As discuýsed In section 3.1, the observed radiant intensity J

due to vehicle-body solar reflections may be expressed by:

ma

, /d) P(X) dHI_(X) Watts (3.15)

VBSR dX ' ster • Hz

Of the various parameters in (3.15), 11 and os are viewing angles defined

later, p(,) is a materials parameter to be obtained from the tables in

Appendix A, while dHI/d), can be obtained from Appendix B if the Illuminator

is the sun. Thus In evaluating (dJ/dk),VBSR for a given rocket, one needs

only to clculate the varying cross-sectlon parameter as( ,M0s) as a
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function of time, since a depends on the viewing parameters and thus on the
S

rocket's time-dependent trajectory. The other parameters p(X) and (dH /dX)

are only dependent on wavelength and thus they are Independent of the rocket's

trajectory, unless ultraviolet solar radiation is considered for which dHi/dX

varies with altitude.

To determine the variation of (dJ/dX)VBSR with rocket altitude or

with time, one has only to calculate aS(t) = asiO(t), Is(t)) if visible solar

radiation is considered. Here T(t) and os(t) are time-dependent values of

the viewing angles I and cs defln..d below. For ultraviolet radiation,

dHi(t)/iOX must also be known.

Closed solutions h~ive been derived (Ref. 29) for the optical

cross-sections a sMis) of the diffusely reflecting sphere, cylinder, cone,

and truncated cone, where the point source illuminator and observer can

occupy any position at distances large compared to the dimensions of the

object. For the hemisphere which is Illuminated by a beam parallel to its

base, a numerical integration is necessary to obtain the optical diffuse-

reflection cross-section (see Eqs. (3.25) through (3.27) below). The

expressions for the optical cross-section of these three basic shapes can

be easily programmed for a computer and can be used to determine the overril

cross-section of any typical rocket or space vehicle composed of spherical,

cylindrical, and conical components.

Analytically, the radiant Intensity J (Watts/ster) of a diffusely

reflecting object Is obtained by multiplying the normal radiant Intensity of

Seach surface element by the cosine of the angle between the normal to the

surface element and the direction of observation, and then Integrating this

product over the portion of. the surface which is both irradiated and observed.
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The equivalent isotropic scattering cross-section as , as used in (3.15)

and defined in section 3.1, is then equal to the radiant power divided by

the reflectivity p and the Incident inrradlance H:

Jas = 4T p---(3.16)

The solutions for a for various shapes are given below usiny the notation
s

and the angles shown in Figure 3-1. The center of the x-y-z coordinate sys-

tem nmay be placed anywhere along the space object's axis since it is assumed

that both the illuminating source and the observer are located at infinity.

We have (Ref. 29):

a. Sphere

Oa = R" sin I s + (- I) Cos , (3. 17)

where:

R radius of sphere, m

is Sun-target-observer angle

c. Cylinder

as= sin ot sin a° sin * + (T -r ) cos / 2  (

where:
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r = radius of cylinder, m

L = length of cylinder, m

01 s =angle between direction of Irradiation and axis

of cylinder

01 0 angle between airection of observation and axis

of cylinder

Cos Cos =- Cos cs C = dihedral angle between
sin a sin c,

planeb of s and o

c. Conee

(at + a2 , cos fs, (3. 19)

where:

,a,a 2 =radii of the bases, m

/ = altitude of the cone, m

8. = generating angle of cone

'+4 y s = limiting angle of Irradiation in plane of

tan 8sin Ys = tan is

IT
.3.+ yo = limiting angle of observation In pl4ne of €

sin y tan 6
tan at

so. MO-
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The phase factor f(s) In (3.19) Is given for five different cases:

Case I (Cone)

Entire surface both seen and irradiated, that is a 5 6 010 e- 8:

f(s) 2 2 2 cosa Cos o tan2 8 + cos * sin a s sin ao (3.20)

Case II (Cone)

Entire surface is seen but not fully Irradiated, that is a Ž 6,
~S

Of0

f(s) 2 (TT + 2 y) cos a cos a tan2 8 + 4 cos * cos Ys

- cos Of sin a, tan 6 + 4 cos Y sin a cos a tan 8 +

+ {(rr + 2 ys) - 2 sin y. cos •os * sin a0s sin of0  (3.21)

Case III (Cone)

Entire surface is Irradiated but not fully seen, that is a ' 8
s

a0 > 8 ; or entire surface Is neither fully seen nor fully irradiated

but the portion that is seen is fully irradiated, that is as > 6
•-Ys - YO!0!go~a • 6 , ys Yo 4 t

f(s) = 2 (T, + 2 y 0) cos ots Cos a 0 tan' 8 + 4 cos * cos yo sin as

cos o tan 6 + 4 coSAyo cos a5s sin ao tan 8+

+ (TY + 2 yo) - 2 sin yo cos yo cos sIn ot sin 0 (3.22)

p- "8 1
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Caso Iv (Cone)

Entire surface is neither fully seen nor fully irradiated and only

one band of Irradiation apparent, that Is s 8 , a6 O f ,

S 0

f(s) 2 - ) + Cs + Y } cos cs cos otan2 6

+ 2 {cos (4 - ys) + c Coyo s 0c s sin e(° tan 8 +

+- 2 {Cos Y s +Cos (* - -Y') } in c,5cos ot0tan 8 +

+ ý (T ) + (ys + -y.) -sin cos y

+ sin ( -Y y)Cos ( -Y 0) )-os 4+ I Cos~ ly

- 1os, (4 - s) sin sin as sin o(3.23)

Case V (Cone)

Entire surface neither fully seen nor fully Irradiated and two

bands of irradiation are apparent, that Is s 8 , 00 z 6

,s + Y TT-

f(s) = 4 (yo + Ys) cos os cos or tan2 8 + 4 (cos Y +

+ cos Y cos *) cos at sin *o tan 8 + 4 (cos ys +

+ cos yO cos ) sIn cis cos ct° tan 8 + 2 (ys + Yo) +

- sin ys cos -s sin y cos Yo}cos 4 sin ci sin t(.24)

82
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d. Hemisphere

For this particular geometry, the Illuminating source (;un) is

constrained to ]le in the x-y plane. The observer may be in any
STT

direction within the limits o 5 ; -T T o The resulting

expressions may be divided into two cases:

Case I (Hemisphere)

For o S S T* TI, 0o 2; o 7

y R 2a sin 0 (t + cos 0,) + 3 cos (0o cos

L 3 0
- f d , m2  (3.25)

Case II (Hemisphere)

For o ,< l, -:r. 9 To:

a R ' sin (o + cos +

Tr

•+ f Tf(*,,Co,) dO mg (3.26)

where i is an integration variable In a plane parallel to the x-y plane,

and the function f(*,ý),0) Is given by:
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f(,,o,0 0) cos 0 cos ý cos(*- s) kin ltan- l" cot 00

0 C) f
c~s~s - n si 3  tit~ir {- cot 0COS(*,

-, cos 3  tan" - cot 00 ros(* - sin 0o cos 1 (3.27)

If ,,he models the Atlas rocket for example by an equivalent

cylinder 20 r ters long, 3.5 meters In diaimeter, for the first stage which

is connectc,o to the second stage by a -runcated cone of length 8 meters and

a2 = 1.75 meters and aI = 0.75 meters (.ce Figure 3-1), and topped by a

second short cylinder with dimensions L : 2.4 m, D ý 1.5 m and hemisphere

of 0.75 neturis radius, one obtains ropresentative reflection cross-sections

as shown in Figures 3-2 through 3.4. Note that s in these figures equals

90" - s or vice versa os = 90 P" Os

ýor specular reflection from an optically flat surface, the

scattering -ross-section is given by:

64 A' (A) 2

eff ff, m (3.28)
(f 5 r(%2x) 13.687f

where:

SAe f f dA(,s,,o,%ot) 8 8(*) 8 (,s) 8 (TT-(% O )), m (3.29)
A

If the optically flat surface is a polished metal (the usual case for space

vehicles), then:

8•.--- m ).
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metal metal metal
fr(~s"X) fr.l 0.5 fr(Iss'X) + 0.5 fr(IsX) , (3.30)

.1 /

where:

metal (m+ 2)2 + K2 - cos+ (2/2)) 1
I [ T~s'k)= (m'l=+ 0 : cos(T s /2)) 0 - I-L-% z

fr(,sX) = 2 (3.30
[(m ) +2 ] (3

L] [\L( cos(I s/2)) +

0gmetal [(m 0) + 2 (mn- cos('s /2)) + K 103.2
fr(ls") 2 22(.2

(m-0 +K 0 m cos~j /2) )2+ K2J

s 0

K - E (X Extinction Coefficient) (3.33)
o 4iT 0

X = Photon Wavelength, m

o = E + Ea = Macroscopic photon extinction

cross-section of polished metal surface,
-i

m

E £S(X) = Macroscopic photon scattering
s s

cross-section of polished metal surface,

*1-

Sa aE(X) = Macroscopic photon absorption

cross-section of polished metal surface,
-I

m

m = Refractive Index of polished metal surface

The function 8(x) In (3.29) Is the Dlrac delta function defined

by:
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8(x) , if x o (3.34a)

8(x) : 0 , if x ' o (3.34b)

The geometric parameters •ot 0 s *0 s and 5l are illustrated in

Figure 3-5.

The angular dependence fr(Is X) of the specular reflectivity is

.corporated here in the cross-section (3.28) in keeping with the convention

that we adopted earlier to include all angular dependencies in the paramater

as The specular reflectivity p(X) of polished metals at normal incidence

cP=° is (Ref. 30):

(m+ I)0 + K 2

P (x) 0o (3.35)
(Ts= 0) (m- 1)2 + K 2

S 0

Appendix A lists valves of p(X) for various metals.

metal metalThe parameters r and f given by (3.31) and (3.32) areS• r/r
the angular dependencies of specular reflection by metals for respectively

the case of perpendicular (i) polarized light and parallel (II) polarized

'D'l light with respect to the plane of incidence (Ref. 30). For light coming

from a natural source such as the sun, approximately 50% Is i polarized

and 50% is // polarized, and therefore Eq. (3.30) applies. If the fllumi-

nation source has polarized photons such as, from a laser, fr(IsX) to be

used in (3.28) Is instead of (3.30) equal to:

metal metal metal

r(I•sx) fr sinw + r /C°S (3.36)

polar. ±1
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where w is the angle between the direction of polarization and the plane

of incidence.

For infrared photons with wavelength X larger than 5 ptm, one

can use the relation:

m = i-3O , X > 5 Pm (3.37a)

K 0 0 ,X Z 5 Pm (3.37b)0

in Eqs. (3.31) and (3.32), where:

Sa ý Electrical conductivity of the metal, ohm-cm

X= Photon wavelength, plm

9

Equation (3.37) may be used even down to X = 2 plm as an approximation, but

below X 2 ptm the assumptions inherent in relation (3.37) become invalid.

If the optically flat surface is not metallic but a dielectric

(e.g., glass), the function fr( sX) given by Eqs. (3.30), (3.31), and

(3.32) must be changed to:
S~I]

r! dielectric = sin 2 X-- ) cos2(I -+X)f] (I '•,X) f (I ,X) 1 (2 ,•'+ •,r s ,2sn,2(S+X) Cos2'(• -X)

(3.38)

where:

4s I' sn(j./
"X sin S (3.39)/
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Equation (3.38) applies to unpolarIzed light from natural sources. For a

source of polarized light (e.g., from a laser), we have instead of (3.38):

d~elctri [2i:4.) slnw + 2______ cs (3.40)

polar. sin 2's -X tan= 2 1+X CsU

where w is again the angle between the direction of polarization and the

optical plane of incidence.

In Eq. (3.28) only the central disk of reflected light is

considered, that is only the zero-order diffraction region. The higher-

order diffraction rings are too weak to be of practical interest for the

typical aerospace distances between observer and space vehicles. The

specularly reflected light beam coming from the spact vehicle's flat surface

element dA to the observer is in (3.28) further assumed to disperse Into a

cone with a diffraction-limited apex angle given by:

1.22 X,
d .2 X , radians (3.41)

Seff

3.2.2 Vehicle Body Earthshine Reflections (VBER)

If the Illuminating source cannot be considered as a point, an

integration must be carried out over all Incident Illuminating angles. The

main Illumination source that falls in this category is solar radiation

reflected from the earth and Its atmosphere also called earthshine. In

this case, an extended source with many elements of sunlit surface area on

mmI92
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a spherical atmosphere must be considered which contribute to the irradiance

of the target. The illumination will obviously depend on the zenith angle

of the sun and the altitude and orientation of the target.

In the following we give an abbreviated version of the earthshine

problem from Refs. 31 and 32. Assume an element of source area dC consisting

of many point sources, each contributing to the irradiance of an element of

torget surface area dA. The solar-illuminated upper atmosphere surface is

assumed to be a perfectly diffuse Lambert's-law radiator which has the prop-

erty that the radiance N of any particular surface element dC is the same

when viewed from any direction within 9CP from the normal to the surface

element. Therefore, the amount of radiant flux dP (Watts) emitting from

dC and directed within the small solid angle subtended by dA at a distance

S is proportional to the projected area of dC as well as the solid angle

(see Figure 3-6). Thus:

dP = N• dC cosl dA cos* (3.42)
S2

where N (Watts/m2 -ster) is the radiance of the surface element dC) dC cosl

is the projected area of dC and S I is the solid angle subtended by
S

the projected target surface element (Figure 3-6). A perfectly diffuse white

surface receiving an irradlance HE will have a radiance In any direction

equal to:

HE
rN (3.43)

Considering a solar-illuminated spherical Lambertlan surface, the irradiance

HE of an element of area dC is given by RE CosOE where HE Is the irradlance

~~ E. . E mE I I i" " ' ••,
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of the point P on the surface nearest.the sun and OE Is the angle between

the direction of the sun and that of the normal of dC relative to geocenter

(Figure 3-7). For a surface of less than 100 percent reflectivity, the radi-
HE

ance of dC is decreased to 7 times the albedo a at dC (albedo a = ratio

of reflected to Incident Illumination). Equation (3.42) becomes then:

dP = P -- cosOE cosfl C- dC dA (3.44)

The irradiance H of a surface Is defined as he radiant flux incident per

unit area so that the irradlance of the target area dA equals:

d -H = a E cos cos1c°-S-j- dC (3.45)
dA E 2S

Calculating the irradiance at any point due to a source of finite area

requires the integration of Eq. (3.45) over this area. The region concerned
p

here is that earth surface erea which Is both sunlit and can be seen from

the point In space at which the target is located.

E

H a- cosoE cosl S dC (.3.46)

In Ref. 31, a simple and efficient numerical technique is preiented

by which numerical results for Eq. (3.46) for various target altitudes and

orientations may be obtained assuming a flat target surface. Using the angles

in the diagram, the element of source area becomes:
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dC = RE sino de • rE do (3.47)

Equation (3.46) then reads:

¢ U. U R 2 siro coOSB cosll COS*
H = a A E E E de d0 = a HE F (3.48)

f SR

The F term of Eq. (3.48) was evaluated numeric3lly in Ref. 31 using Simpson's

rule with integration limits of:

0 = 0 / L )L = 0 , e % 2r (3.49)

Reference 31 gives the resulting values of the irradiance factor F

for several zenith angles of the sun and target altitudes as a function of the

angle between the vehicle surface normal at Q and the X-axis. The curves indi-

cate that a maximum F is obtained when the target is in the same direction as

the sun; i.e., es= O0 and the normal to its surface is directed along the

X-axis. For our purposes, F values have been plotted versus target altitude

in Figure 3-8 for various solar zenith angles assuming that the flat target

surface is perpendicular to the geocentric range vector at all times. The

S1irradlance factor is seen to decrease with altitude, for although more of the

earth's surface area can be seen from the target as It Increases in altitude,

the intensity of the radiation Is falling off with the square of the distance

between tha target and each element of area on the earth surface. The illumi-

nation of the target also decreases with Increasing zenith angle, for as as

Increases) the target Is moving away from the more highly Irradiated portion

of the earth.
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If the space vehicle is spherical, closed solutions for

earthshine illumination by an extended spherical earth can be obtained as

shown In Ref. 32.

Returning to Eq. (3.48), H = a RE F, it is necessary to assume a

value of solar irradiance HE incident at the top of the earth's atmospher,

and a value ot albedo a, both of which depend on the spectral region of

interest. For direct daytime solar reflection which varies with the nature

of the earth's surface and cloud cover., the radiation peaks in the visible

region of the spectrum. In the wavelength interval 4000 - 7500 A, the solar

irradiance at the top of the atmosphere is HE = 539 Watts/m2 .

The average albedo a of the earth for visible sunlight is about

39 percent with fluctuations between 32 percent in July and 52 percent in

October. Cloud albedo measurements have an average value of 0.5 but may

vary between 0.8 and 0.01 according to cloud conditions. For the ultraviolet,

the albedo a - o eut to molecular absorption in the upper atmosphere.

The average target irradiance H is given by the value of F

multiplied by a constant factor a HE = 0.39x 559 = 218 Watts/mr, which is

shown in Figure 3-8 on the right-hand ordinate. It Is obvious that the F

numbers can be used to obtain results in any bandwidth if the proper scaling

factors of albedo and incident solar energy are known.

¶ To calculate exact cross-sections a and radiant intensities

J p H a/2rT of a space target Illuminated by solar earthshine would require

rather elaborate integrations. As an approximation we may employ the expres-

sions for a given in section 3.2.1 for point illuminators, using for the

effective illuminator angle oI the value:
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4

0 5Y + (nTO_/2, (3.50)•I = suns

where es is the solar zenith angle at the space target with respect to a

geocentric line. This has the effect of replacing the extended illuminating

source by an effective point-source illuminator placed at the approximate

center of the sun-illuminated portion of the earth atmosphere as seen by

the space vehicle. Denoting cross-sections so obtained by:

f eff) + as , 2  (3.51)
1eff o(0 sun 2

the spectral radiant intensity dJ/dX becomes:

(d(a E F)_ _ f F 5eff d HE Watts

dX =VpE dX 4rr - 4• dX ' ster. HzdkVBER

(3.52)

where in the visible and infrared (but not in the UV) usually an average

value for p(X) and a(X) can be assurmeW and d RE/dX has the spectral

distribution of the sun.

The effect of earthshine on the optical Intensity (in the visible)

of a solar-illuminated space target is to increase the direct-solar-reflectod

intensity by about 10 percent on the average and by about 37 percent in the

most favorable situation. Of course if the target Is shaded by the earth,

but still subjected to earthshine, the radiant Intensity Is determined by

earthshine only.
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3.2.3 Vehicle Body Self-Emissions (VBSE)

The spectral radiant Intensity for vehicle body self-emission may

be expressed by (see section 3.1):

(dJ )V ae(°o) e(%) dWBB Watts (3.53)
dX VBSE 4TT dX ster Hz

Here the emissivity e(?\) is a purely materials-dependent parameter which

may be obtained from the tables in Appendix A) while the black-body radiation

function dWBB/dX may be gotten from Appendix B.

For a surface which behaves as a diffuse emitter, the cross-section

Ge(0o) (as defined in section 3.1) is four times the projected area of the

emitter that can be seen by the observer. This is due to the fact that for

a diffuse emitter the emission per unit solid angle in a direction at an
eWBB

angie 0 with the normal to the surface element dA equals - dA cos6
TT

Watts/ster, whereas the projected area through which this fIL, passes equals
cW BB

dA cosO thus making the radiance N = -s-- dA cose/(dA cose) = eWBB/n

Watts/(m2 . ster) which is constant. The total radiant intensity J from the

emitter is then:

A eW
. Watts/ster (3.54)

TY

and the irradiance at a distance S Is:
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H Aproj 6WBB

TTS

Then the cross-section ae to be used in (3.53), according to our definition

given in section 3.1 is:

=Y 0e (o) = 4 Aproj m2  (3.56)

Assuming the same geometry as shown in Figure 3-I, the

cross-sections for a sphere, cylinder, cone, truncated cone, and hemisphere

1 become:

a. Sphere (Radius R):

a= 4rT R, m2  (3.57)

b. Finite Cylinder (Radius r, Length L):

Cre 8 L r sin ne° + 4Tr r 2 IcosaI m 2 (3.58)
(Side) (End)

c. Truncated Cone (Radii a,, a2 ; Cone Half-Angle 8; a, > a2

2 2

CY Or a Cos U m, for o ! . 6 (3.59a)Oe 41• 0 0o

(End)

Pe = (a -a:)(cosct )(- +(+ sin'- +- +

(Side)

47T a2 , C for 6 0 2 (3.59b)

(End)
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W4 (a- a') Cos *.I(+ sin

(S i de)

+ 4r a', cos 01 I , , fo 'o (r - 6 ) (3.59c)

(End)

a 47r (aW- a') Icos o + 4T .2 Icos o I ,

(Side) (End)

for (Ti-6) 5 0 <T (3.59d)

whe re:

I cot01
(3.60)

cot 6

d. Hemisphere (Radius R):

ae = 2Tr R' (t + cosao) (3.61)

In all of the above expressions ao Ts the angle between the axis of the

cylinder, truncated cone) hemisphere, anu j target observer direction.

By approximating space vehicle configurations with hemispherical,

cylindrical, and conical surfaces, the self-emission cross-section can be

calculated for any observation angle ao . As an example, in Figure 3-9

values of a are plotted versus ao for a cone-shaped body with a base
a 0

diameter of 2 meter and apex half-angle of 11.3 degrees which approximates

a typical space vehicle.
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3.3 ROCKET EXHAUST RADIATIONS

3.3.1 General Comments

The theory of exhaust gas radiation which is presented below

includes three powerful new approaches to the problem which do not appear to

have been considered previously elsewhere. These are:

I. Application of Gauss' divergence theorem to the

mathematics of the detailed balancing of excitation

quanta in intermolecular V-V and V-T energy exchanges*

and photoni-mc)lecula interactions in the exhaust.

2. Rigorous application of the basic "Law of

Spectroscopic Stability" to all molecular spectral

broadening processes.

3. Development of a more comprehensive theory of photon

kinetics ("photonics") by transplanting the results

of "neutronics" theory for neutrons in nuclear

reactors to that of photons drifting through gaseous

bodies.

The result of applying (1) Is the discovery that for engine exhaust

plumes, the number of excited-energy states flowing out of the engine has to

equal the number of photons emitted through the boundaries of the exhaust

plume. If used properly, this result allows a considerable simplification

In the analytical calculation of exhaust gas radiation over other methods

which have been developed. The technique wili be discussed in detail in the

next subsection 3.5.2.

*A V-V molecular collision Is one In which Internal excitation energy (V) is
exchangedp while In a V-T collision, excitation energy (V) is transferred to
translational kinetic energy (T).
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The application of (2) leads to simplified expressions for spectral

broadening and band contour functions for use in the theory of exhaust gas

spectral radiation. Detailed derivations and discussions are given in

Volume II of the Rocket Radiation Handbook.

Application of method (3), that of treating the migration of

photons in gas clouds by a well-established analogous theory for neutrons in

nuclear reactors, yields a much improved understanding of the spatial distri-

bution of photons in gas clouds for both optically dense as well as optically

thin gases and all intermediate cases. Basic principles of "photonics" are

discussed in Volume III of the Rocket Radiation Handbook.

Knowing and understanding what the magnitude and spectrum is of the

radiation emitted by hot exhaust gases from rocket engines is obviously also

useful in fields that study exhausts from aircraft, automobiles, and other

types of combustion engines. To date, most interest in exhaust radiation

analysis has come from military applications. Recently however the air pol-

lution monitoring field is developing requirements for a better understanding

of engine exhaust radiations as well, and the material presented below, though

applied to rocket exhausts, can be adapted with little modification to such

fields as:

a. Air Pollution Monitoring

b. Anti-Air-Pollution Fuel Design

c. Aircraft Engine Performance Monitoring and Measurements

d. Weather and Meteorological Effects

e. Anti-Aircraft Heat-Seeking Missile Sensors
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f. Aircraft Anti-Missile-Countermeasures

I. Radiation Suppression Techniques

2. Radiation Decoying Techniques

g. Aircraft Intelligence-Gathering Sensors

A.3.2 Plume Radiation in a Vacuum (Deep-Space Plume Radiation; DSPR)

As will become apparent later, the analytically most simple case

of rocket exhaust radiation is the one in which the rocket exhaust* does not

interact with the atmosphere. For this reason, we shall treat this case first

although a rocket usually experiences this situation last in a space mission.

In Figure 3-10, the geometry is illustrated for a rocket exhaust

dis arging into the vacuum of deep space. Near the nozzle exit plane and

in the core region ot the plume, the gas is optically dense (the photon mean

free path is less than the plume dimensions), but in the outer regions where

the gas molecules escape into the vacuum without further intermolecular col-

lisions, the gas becomes obviously optically transparent. Since gas molecules

in photrn-active excited states take a finite time to deexcite to the ground

state, a region of space behind the nozzle can be defined enclosed by the

surface C (see Figure 3-10) within which essentially all exhaust molecules

have experienced deexcitatlon and beyond which all molecules may be considered

"1"cold" or "dead," that Is radlationless. The charznteristic linear dimension

of the radiation emitting region or plume bounded by Ca would be:

*i:_,ý,hough the exhaust from a rocket Is usually gaseousp solid particles may

,.*resen sometimes. Therefore the terms "exhaust gases" and "rocket gases"
are avoided, and "exhaust" Is assumed to include both gases and entrained

particles.
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L P zL c+ 5 c E( ) , m (3.62)

where.,

L Linear dimension of the plume core, m
c

c Average molecular velocity of molecules escaping from
core region, rn/sec

T. Excitation lifetime (Tr A- Einstein coefficient)
II I

of molecule for state i, sec

* Equation (3.62) gives the mean distance at which molecules have decayed about

¶~ e -folds after reaching the collislonless region of the plume,, that is only

a fraction exp-(5) Ps 0.0067 would still be excited beyond C

Consider now the number of excited species X., in a unit volume du

of gas anywhere within the region bounded by Ce .For this unit volume du

we can write the excited-state conservation (or balancing) equation:

- - + - -+ 3 , a (3.63)

-ri

In which.

n(X)= n1  Density of excited molecules Xi molecules/rn3

X Miolecule X In excited state 1.

'4 tV *108
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ýG(X)
BU Net Influx (or outflux) of excited molecules Xi

into (or out of) unit volume per unit time due to
transport.

au Rate of destruction (decay) of excited molecules

per unit volume due to emission of radiation

(radiative decay).

SRate of production of excited species X, due to

resonant energy transfer in collisions-of-the-

second-kind (V-V transfers) between molecules X

and excited molecules Y.

as(x.)
au =Rate of destruction of excited molecules due to

resonant energy transfer in collisions-of-the-

second-kind (V-V transfers) between excited

molecules XI and other species Y.

- - Rate of production of excited molecules X. In

unit volume due to Kinetic collision with other
molecules (T-V collisions).

aL(x)
= Rate of destruction of excited molecules XI In

unit volume due to Kinetic collisions with other
molecules (V-T collisions).

Rate of production of excited molecules X in2ýu untvlmIu oo

unit volume due to resonant capture of photons
by molecules in lower-lying energy states.

aB(X)
-- = Rate of destruction of excited molecult Xi due

to stimulated emission by resonant photons.

6F(X

Rate of production of excited molecules X due to

decay of higher energy levels m that transition to I.
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The nine terms on the right-hand side of Eq. (3.63) can be

expressed in terms of gas transport variables and microscopic parameters

as follows. The migration term is given by:*

-GI " molecules (3.64)
S= bu ' n, Vi + V* " )X V n, i m3 . sec

in which:

l = V(-•) Bulk dynamic velocity of molecules XI at r, M/sec

r = Position coordinate (fixed with respect to the observer)

in plume region

"ZX = Diffusion coefficient of molecules X) m2/sec

The molecular diffusion coefficient 2)X may according to the kinetic theory

of gases (Refs. 33 and 34)) be expressed in terms of other gas parameters by

the relation:

0.4234 kd 8 kT)1/2 9 1 9 kd (T )1/ 2  s(2)x - n= o a- •' X 1no1•d -•X -•2 (3.65)

where:

T = Kinetic temperature, 0 K

= + Effective mass of molecules X. a.m.u.
X MIX + My (atomic mass units)

Total molecular density, -n3

*We shall use subscripts I Instead of (XI) to denoto dependence on the
excited state I of species X In all of the following..
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6cx Average elastic colli~ion cross-section for

collisions of molecule.; X with other molecules

Y (including YV X) i m2.

k d Colilsion factor; kd = 1.000 for hard-sphere molecules,

kd " 1.2652 for "inverse-fifth-power-repulsion"

molecules (Ref. 34)*.

Using the gas law p - n RT, Eq. (3.65) can be written in the more convenient

form:

[ k T3 /2
"2) X 2.358 x 10"7 d m2 /sec (3.66)

LPtot cx X J/

Swhere now:

Ptot = Total gas pressure in bars.

E = Collision cross-section in A2 = 10 -16 cm2  lo-20 m2
cx
x - and the other parameters are as before.

The first term on the right-hand side of Eq. (3.64) is the bulk convective

migration term while the second is the local kinetic diffusion term.

The radiative decay term In Eq. (3.63) is:

~6 [dA nd,
-dA molecules

Bu , dX I dX. s(6

*Reference 34 gives the Maxwell-Chapman-Enskog numerical factors cd
1.200x 0.499 = 0.5988 for hard-sphere molecules in the expression

cd•Cdc and cd = 1.543 X 0.491 = 0.7576 for "Inverse-fifth-power" molecules.
We normalize to the hard-sphere molecular model and define here
, . d 1/(cd)

u hard-sphere
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in which:

±L Spontaneous emission (or "decay") rate constantd%
(Einstein "A" coefficient) for excited state I of

species X in the wavelength range dX , sec P pm

Explicit expressions for dA1 /dX are given In Volume Il of the Handbook.

The resonant-transfer excitation* term in Eq. (3.63) can be

expressed by:

6R._ molecules

bu - nj VyX (•lX nX mm3 o secu (3.68)
Y

while the resonant-transfer deexcitingq* term in (3.63) is given by:

as Y molecules (3.69)
ýui _Fa~fl'y vYX n6y in 3 . sack Y k .e

In the above:

nj ny Density of excited species j of molecules Y,

molecules/mr
3

ni nX Density of excited species I of nmlecules X,

molecules/mr
3

lny nX Density of unexcited (ground-state) molecules Y
and X respectively) molecules/mi

-(J) Average resonant energy transfer (V-V) cross-section
for intiractions between excited molecules Y andJ

ground-state molecules X, resulting In excited

molecules XI ) m2

*These Interactions are also called "V-V" exchange collisions (V Molecular
Potential Energy).
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_aY.) Average resonant energy transfer cross-section for
Yi) interactions between ground-state molecules Y and

excited molecules Xi , resulting in deexcitation of

molecules X. and excitation of Y to Yk '

vy Average molecular velocity of molecules Y with

respect to molecules X, m/sec. According to the

kinetic theory of gases (Ref. 34):

X = 4 kT 102.897 (T/Myx)/2 , m/sec (3.70)

M M
y - Reduced Mass, amu (3.71)Y M+M

Y y

MY) MX = Molecular mass of species Y and X respectively, aniu

(atomic mass units)

T = Gas temperature, 0K

If excitations of i from other excited levels q in molecule X have

a good probability of occurring, then (axishould be replaced by (OjX). +

n 1 Wq - (tjq where the sum over q extends over all excited
q -1¢ q

states in the molecule X (except the ground state) and Wq Z

is the population of excited states q (Z is the normalization constant for

P excitations q, wq is the weight of state q, and s is its energy level).

b. nlarly if V-V transitions from other excited states s in molecule Y are

important must be replaced by (ay,) +E (lexi-k

* where the sum over s is over all excited states In molecule Y except the

ground state. Usually however the first terms are sufficient.
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The thermal production rate in Eq. (3.63) is:

'I, n'vIC ( molecules (3.72)

u VYX i m * sec
Y

in which:

(&yx) =Average microscopic cross-section for inelastic

kinetic excitation collisions* between species Y

and X in which X is excited to state i, m2

1y --: Given by Eq. (3.70)

nx*n = Molecular densities of X and Y y m-3

Similarly the thermal destruction rate in Eq. (3.63) is given by:

b molecules
ou n v a n) m3  (3.73)

Y

where the parameters are as defined before.

The difference between destruction rates (3.69) and (3.73) is that

the cross-section (YI) in (3.69) Is restricted to interactions in which the
k

molecule Y, after hitting excited molecule Xi y is excited to excited state Yk"
The cross-section !rYX of (3.73) on the other hand accounts for inelastic

i I

4 interactions between molecules Y and excited molecules Xi In which potential

energy of X is converted to kinetic energy between outgoing molecules Y and

X, that is by the "reaction":

*These Interactions are also called V-T exchange collisions (V = Potential
Energy; T Kinetic Energy).
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(•YX)

Y + X.(P.E.), Y(K.E.) + X(K.E.) (3.74)

The photon-absorptive excitation and photon-stimulated deexcitation

terms in (3.63) may be expressed by:

fdn molecules X.a C c a i(x) n (3.75a)
bU J dX y x m5 • sec

and:

d dn molecules X.*_ dI - ca (xry;) n. dXk , m e

iYj d m m3 . sec

where:

dn
Y Photon density per unit wavelength range dX

dX
photons/(m3. p.m)

c = Velocity of light = 3 X 108 m/sec

a (,) W Absorption cross-section of photons of wavelength X
YI

by molecules X resulting in their excitation to

state I , ma

al(X) W Stimulated deexcitatlon cross-section by photons of

wavelength X for excited molecules X1 resulting In

* their deexcitation, m2

The cascade production term BF(X 1 )/bu In (3.63) finally is given

I* by:

F(X _ E-ki molecules Xi (3.76)

u au m3 seck
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where Eki is the net radiative decay of higher-lying states k that

transition to I.

Now the theory of statistical mechanics shows that in a gas at

equilibrium with the walls of an enclosure which is at unifo'm temperature

T, one must have for each excited level i:

W Y(Xi) + BC(Xi) + -F(Xi) = bL(Xi) + D(_i) + _B(X I) (3.77a)

au au au at 1. bu bu S

Here we have neglected V-V resonancz transfers for simplicity.

The collisional population and depopulation terms BP(Xi)/bu and

ýL(X )/6u in ( 3.77a) are many orders of magnitude larger than the molecule-

radiation Hleld interaction terms 6C(Xi)/Bu , ,F(×i)/bu ) 6D(XI)/Bu , and

BX i )/Bu , for gases at ordinary temperatu,'es and pressures° This can be

verified by .3ubstitution of typical measured cross-sections and other

microscopic pirameters in expressions (3.67) through (3.76); the situation

actually stems from the more generally recognized condition of "weak coupling"

between radiation fields and matter. Because of weak coupling, one can write

therefore that:

PX L(X1 )
(3.77b)

which states that in a region of uniform temperacure T, the collislonal

excitation rate of excited level I must equal the collisional deexcitatlon

of level I.

If a gas is flowing and not enclsoed by a wall 'at uniform temperature,

so that radiation can 3scape from It, the four radiation-field dependent
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terms (C, F, D, and B) in (3.77a) will no longer balance each other. In

regard to the terms P and L however, if the unit volume bu is taken small

enough so that the temperature T in it may be considered constant, P and L

will still balance. There is no physical reason to expect Eq. (3.77b) to

change since there is no change in the molecular collision rates if the gas

is at temperature T whether a radiation field is present or not. The con-

dition (3.77b) applied to local regions in a non-stationary gas is often

referred to as the LTE (= Local Thermodynamic Equilibrium) condition and

we shall assume it in what follows.

In case of a steadily-emitting exhaust plume, one has that

an. /6t :•0, and foil small volume elements in the radiation core of the plume

one may assume Eq. (3.77b) to apply. Thus according to (3.63) and (3.77b)

one has in the radiating core of a steady-state plume that:

IR. Ci 'al IDi S. aB.
+ + (3.78)bu au au au au au au

Now because one must have conservation of photons, the total

radiative decay rate D. of molecules X in the entire radiating core minus

the net photon capture rate C must equal the total photon emission rate E.

from level i, that is:

E Dphotons (3.79)
E = D i sec

Here:

C -BI = U au d i { nX -Y n

c ,' - X( .0
Potential d.I

Cone

fdu p- ay nX d% (3.80)

Potential X

4 Cone
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in which:

- i1 n. wX n, I __P - _ -' = - 3.

aiy nx Wx. n Wx (3.81)
xy X X X

wX = Degeneracy of excited state i of molecule Xi

w X = I = Degeneracy of ground-state of molecule X

Here we used the well-known fact that the ratio of the photon absorption and

stimulated emission cross-sections for transitions from a lower level n to a

higher level m equals w /w (see Volume II, Rocket Radiation Handbook).
n m

Usually pi << I, in which case (3.80) reduces to:

c/ ci = d X)nd (3.82)
tit i (tnxdt

Radiating
Core

Returning to Eqs. (3.78) and (3.79), we can write:

E fdu LPU (i-Pi) I

Radciating
Core

SBGI RI as I BF+ I photons (3.83)
= d ob LuG+ Fu--- -F-- +T• ,;-
Radiating

Cori

From Eq. (3.64) and the application of Gauss' divergence theorem, we can

write:
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, Gi */du (u 6 )u *- ni ,. + V V ni =

SRadiating Core
Core

moleculesn j (3.84fds n i i i sec

Surface
Boundary Ce
of Radiating
Core

Here:

ds Unit surface area vector with a direction normal to the
sui race boundary of the enclosed volume over which the

inteyration is to be carried out.

In nearly all exhaust plume situations, the molecular diffusion
term . V n. is small compared to the convective term n. V. in Eq. ( 3.84).

I g I I

Furthermore since the inflow of excited species X1 Into the base of the

radiating core takes place only through the nozzle exit plane of diameter De

at velocity V it Is clear that Eq. (3.84) can be rewritten as:

Ie
G ds* n. V, nl V• - ,e' molecules Xi/sec (3.85)Gasin of Base of

Radiating Radiating
Core Core

Now the number of excited molecules X that cross the.pozzle exit

plane per unit time may be expressed In terms of the exhaust mass flow rate

and the Boltzman factor. We have that:

WVp V D2 kgs(3.86)
e e 4 a sec
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N_/M ne V -- D2 molecules/sec (3.87)Ie

SnX/n (3.88)

nn X ew(i •-T) excited molecules (3.89)

(n) m3  (3.89)3niBase= "-Ve" e

of

Core

Here:

YX = Mole fraction of species X in exhaust

= Mass flow rate from exhaust-producing engine, kgms
sec

¶ = Density of exhaust gas in nozzle exit plane of

*3meter D kgmse m m3

M = Average molecular weight of exhaust gases in nozzlee

exit plane, kgms

-3
ne = Molecular density of exhaust in nozzle exit plane, m

Wei. -- -. lst weight and energykof level I

Z Partition or "sum-of-states" function (NormalizationS~V
Constant) for Internal molecular excitations

Zv = Vibrational partition function = I - exp- (3,90)

The partition function (3.90) applies to molecular vibrational states only.

This Is usually the c--se of interest. For rotational and electronic excited

states other expressions must be used (see Volume II, Rocket Radiation

Handbook).
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Using the relations (3.86) through (3.89) in Eqs. (3.85) finally

yields:

yx- / w. exp-Ie./(kTe)l

In e -

605X1023 g -w I exp- e /(kT e) molecules (3.91)
= 6.025 X gxZv sec

where for convenience we abbreviate:

Yx Yx moles
9 oAo Me A yy My kgm (3.92)

Y

Here A is Avogadro's number and the partition function ZV In (3.91) must be

evaluated at T= T e that is Zv Zv(Te).

Since by definition, molecules which have passed beyond the surface

Ce (Figure 3-10) are "dead," we have that (Gi) ot ý 0, and thus returning to

Eq. (3.83), we can write with the aid of (3.91) and (3.76):

E L ii G I+I iR - Si ) I

E.+= (),n 1) =

in out k

W1 exp-l'eI /(kT.)

- 6.025 X 10'3 gX• Zv(Te) + (R- S1 ) +

i •' Eki photons emitted from states I (393)
+ Eki seconet

k

121



FTD- CW-O0-01- 74 June 1974
Vol. I

Equation (3.93) is a very important result and fundamental to all plume

radiation calculations. It is an expression which simply asserts

conservation of excited quanta. Though the result (3.93) was proven by a

step-by-step mathematical analysis via Eqs. (3.63) through (3.93), it could

also have been predicted directly if one applies the fundamental conservation

law of physics to the quanta of excitation and radiation.

In Eq. (3.93) R. is the net production rate of excited states i by

V-V resonant transfer collisions and SI is the net loss of excited species i

by such V-V collisions. In many applications one has that R.=S =O, but

for the case that special radiation-spectrum-shifting molecules* are present

which cause a negative value of R. -Si (thus a positive value for AS =Si- R.),

one may evaluate these terms further as follows. A mean V-V-transfer decay

4 time for excited states I may be defined by:

fqi J nY Vyx nk - nj vyx (X), nXI ,sec
Lk Y j j

(3.94)

where the integration over du is over the volume of the radiating plume.

Then if T is the radiative decay time, .the fraction of molecules that

experience V-V transfers will be:

fq1 qi/(T qi + (3.95)

*The overall effect from the presence of different V-V excitation-robbing
molecules Is that the excitation energy is redistributed over other quanta
of excitation which ultimately are emitted as radiation In another (longer
wavelength) part of the spectrum. We shall Interchangeably call such
molecules "suppressants" or "spectrum-shifters." since they do suppress
the radiation in one part of the spectrum but also shift this radiation to
another wavelength region.

• • !121.
-"•l~em nr• " • ,.•=,• i='• ; . .. l ! IB iD Im mnmm m =. == n mimlUI~l~m lil lU ~g • ...



June 1974 FTD-CW-01-01- 74
Vol. I

We can write therefore:

AS. - (Ri S) = i (G ) in- (Gi) out +i (3.96)
qi + r

Then Eq. (3.93) for level I may be rewritten:

E E. Eij 6.025x 1023 , gx W e v e/) + ., +

V +'qI

+ E photons emitted from state it + k! second

k

(3.97a)

Similarly we have for level k:

6Ek = •Ekl .025 X Ik= gx k ev - +

;i kl+ k qk

•E+ photons emitted from state k
Emk second

m

(3.97b)

and so on'for all levels 1, m, p. .... of Interest. The levels j in (3.97a)

and I In (3.97b) must of course be levels that are lower in energy than

respectively levels I and k) and also they must be such that radiative

transitions I j and k- i are allowed. As mentioned, In many applications
T qi = and T qk = C in which case the terms T, /(TI + T and

1/(lT'+I T'k) in (3.97a) and (3.97b) equal unit',.
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Writing for convenience:

W 6.2 Xw exp-lc /(kT I -T!G' = 6.025 x 1013 gxW 1 " (3.97c)

z V •qi I

Eqs. (3.97a) and (3.97b). can be written in the form:

E. G' + Gk f + G'fkm G" + f n (G +. ........... (3.97d)I I a fki 1k f 1k m mn Aft n
k I M I n

In what follows, we shell first examine the sum (3.97d) for
t

vibrational transiticns. Neglecting Av = 2 transitions (which are much weaker

than &v = I transitions - see Vol. II) and anharmonic effects, the sum in

(3.97d) reduces for diatomic molecules to:

(El) G + + G + ............. =

G ' 6.025 x 1023 --

n=i 'qI + Ti

I - p-exp- exp-•, k(n ) (3.97e)

since for diatomic molecules:

W =W W=n
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. hv ow i hvj (anharmonic terms neglected)

V • Fundamental vibrational frequency

f.. I for Av = I transitions (see Eq. (3.101))
ii

(ZV) exp- ( ) = I - u
vib. n=o e exp(hv/kTe)

and the sum in (3.97e) can be shown to equal:

V u -n = Iu (3.97f)
n= 1-

where u exphv)/kT The factor .I + T.)j in the summationwhee xp (ho/ke) •

(3.97e) is constant to first order (i.e., anharmonicity is neglected), since

in this case all Tr= = T k-" and Tqi "qj qk =

Carrying out the summation using (3.97f), one obtains then that:

(El) 6.025 x 10'3 TY exp-( 0 Ti

gl + qiJ

photons emitted from level I (397)
second

7' S12
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The same result (3.97g) is obtained for polyatomic molecules If

again all second-order (weaker)ý Av € I and combination-band transitions are

neglected in comparison with AVi= I transitions for all the normal vibra-

tions o (with fundamental frequency v), and If degenerate vibrations are

treated mathematicallytas independent normal vibrations which happen to have

the same frequency (see Vol. II, Rocket Radiation Handbook).

For pure rotational transitions, Eqs. (3.97c) or (3.97d) becomes:

-I (2J', I) exp- J (J'+I) k- -

6.025 x 10 "3 x _ -' (Z V ro_ kT,
'E'rot Tj. + o- V)JJý qJ

(i=J)

- I (V) ro" exP" 2 md -- m)

6.025 x 10-3 * I - I(ZVmrot

-I'Jri qJ (ZV)ro

photons from level i=J (3.97h)

second

where Tj is the mean radiative life of rotational level J and (see Rocket

Radiation Handbook, Vol. II):

hv + + kT + hv8
(zv) O (3.971)

rot e 5 B
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The result (3.97h) is the same as (3.979) if we set e. = ihv andI 0

e. J(J+i) hvB respectively for the vibrational and rotational case. For

electronic transitions, (ZV)elc I, and the value of the sum of Boltzmann

factors of higher-lying states (k> i) is small compared to the Boltzmann

factor for the state i of interest. Thus again an equation like (3.97h) and

(3.97g) results and we shall assume without further proof that in general:

E. 6.025 x 10 i exp-(

photons emitted from level (3.97j)
second

where e. is the energy level of an excited rotational, vibrational, or

electronic state. Note that the statistical weight w. of level i and the

partition function ZV are not factors in (3.97j).

Now the photons emitted from state i will in general have energies

E. = .. = hv.. wh•'e j is a lower-lying energy state to which the molecule

X. relaxes. If the transition is "ground-state-connected," we have of

course that:

e€ = hv = hv1  = € i i = hv. (3.98)

since in this case j = 0 and = 0 is usually assumed.

The photons are not all emitted with "sharp" energies e= i

bit are "broadened" over a range of frequencies in the immediate vicinity Uf

h" f. j. The various frequency broadening processes are discussed In detail
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'4 in Volume II of the Rocket Radiation Handbook. It is Thown there that the

number of photons NY, emitted In frequency range dv !s given by:

d'N N b(j'V.)AVb('V,\VljAvi

dt dv dt lvij Ijvi

where b(v,v.jAv.j) is the so-called line- or band-shape function, and Av.j

is the l;rie- or band-spread for the transitions i -* j, while (dNyi/dt)

= E.. for an exhaust plume. Explicit expressions for the functions

b(v,v j,Avij) and Avi., which depend on gas temperature (and gas pressure

in the case of single lines), are given in Volume II for the three cases of

(a) electronicl (b) vibrational, and (c) rotational transitions.

With the aid of (3.99) and (3.97j), the total photonic energy

emitted per unit time and per unit frequency range at the general photon

frequency V may be written;

dP(v) b(v,v ,Avij)

dv v (E1) f j IV i

(SPR) X I j X A ij

3. 99 17x,0-,°0
Sjl

• ~ii

( b(v'vIAvi exp- -- Watts Hz" (3. 100)

i~~ + Tq

*The temperature-dependent (and sometimes pressure-dependent) parameter Avij
must be evaluated at a mean temperature (and mean pressure) In the core of
the plumoe since the actual temperature- or pressure-perturbed transition I -j J
resulting in a photon, takes place at various positions In the rlume. A
coarse approximation would be Tc 3 T. for DSPR radiation (see also Vol. IV).

Tc is constant and Independent of altitude for DSPR of course.
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Here we set g. gI , while h = 6.6252 x IO34 Joules/Hz, W is in kg/sec,

and all frequencies v are in Hz. The relative deexcitation rate parameter

fi. is given by:
J A0 ..

Aij

f =j (3-101)
A.j 

(3. 
A?,,j

J

where A'. is the Einstein coefficient for a j transition, whose valueij

can bc obtained for a particular case from the relations presented in

Volume II of the Rocket Radiation Handbook.

Now for vibrational transitions (but not for rotational or

electronic transitions), the band center frequencies v.. for all the Av I

transitions v, = 5 -v v 4, v - 4 v v= 3, etc., are almost the same

except for small anharmonic shifts. Thus the vibrational emission bands

(comprising in general P-1 Q-1 and R-branches - see Vol. II) from these

transitions practically overlap except for these small anharmonic shifts.

If we use the vibrational band contour function b (vvij.,Avij)/Av., in

Eq. (3.100) which assumes that the rotational lines in the band are smeared

out anyway, we can simply sct all vi. in Eq. (3.100) equal to v., v and.I j j 01

C* = i hv , Then:*

,kIf higher resolution spectral emissions are desired, Eq. (3.100) must be

used, except that for vibrational transitions fij f I may be assumed so

that the summation over j can be omitted. The more detailed rovibratlonal

contour function b .. (vjvi), Avgj) given In Volume II must be used in

this case instead of b (vv:iJAVlj), and the anharmonic shifts A1 = vi -vt

must be calculated which may be done via relations given in Volume II.
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jdP vi = 3.9917 x 10'- 0 V go Ir+T

b____ ( G)by:)l e -P Watts (

AV: xp-( hvNja Hz

Wlere the summation Is over the various normal vibrations :v with fundamental

frbqijency v O of various .,-laculas X but not over ti~e levels of a certain

norma! vibration. (Note that for polyatomic molecuiqs sucdh as H2 0 for

example, (H0~ 9 2 ). 9 2 ). 2

In some appilcations, it is desirable to express the spectral

radiant intensity in terms of wavelength X Instead of frequency v. Since

V CC I (3.103a)

c d%
dv dX % v (3.'03b)

where c =2.94793 X 10"4 p~m/sec, we can rewrite the general equation (3.100)

in the form (we Include surwnatons over species X in~ the summation I, that

is 9)( 9

j *See footnote to Eq. (3.100).
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dP(X) _ dP dv 3.5876X 10'9 •f.igi ' ..

dX dv dX x 3 jgi .
(DSPR) (p~m)~' ., j '(Hz)

*e* Watts (3 104)*
•I - -,'exp- kT ý,3.10)

e .; + Tm

I q1

Equaticns (3.100), (3.102), or (3.104) give the total spectral

emlssion from the exhaust plume which escapes through the surface Ce (see

Figure 3-10). The airount of radiation that is observec! by a sensor viewing

the plume depends of course on the tield-of-view (fov) of the sensor, the

angle between the plume axis and the sensor¢5 viewing direction, and the

range or distance between sensor and plum.-. If the nhoton density or fuence

listribution in the dense region of the plume were constant, the leak rate

of photons leaving the surface of the plurre wot:ld also be c,,,tant, and in

that case the number of photons sensed by an observer would only depend on

the geometry of the plume and the Intersection of the fov with the plume.

The theory of photon distributions inside exhaust gas plumes and

clouds termed "photo.Iics," Is discussed in Volume III of the Rocket Radiation

Handbook. An ;r-vestigation of the pý.otonlcs In rocket plumes shows that the

assumption of a constant photon fluence (and thus a constant emission current)

at the boundaries of the optically dense core region of a plume Is reasonable

* for flrst-ordir calculations. Thlk means that three-dimensional

*See footnote to Eq. (3-100).
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viewing-geometry-dependent variations in the radiant intensity as observed

by a distant sensor can be expressed via a simple view factor F . Equations

for F ar: Issed in detail In Appendix C for various plume geometries

(s-here, L;0inder, and cone). Fv is normalized there to Fv= I for isotropic
Iv

4--"i- plume emission. Note that the assumption of a constant photon fluence

near the surface of a radiation-containing body ,s precisely the condition

that makes the body a "diffuse" emitter (following the "cosine law").

Actually for a deep-space rocket plume, the optically dense,

diffusely emitting core region is surrounded by an optically thin emitting

region (particularly in the rearward direction) where the photon fluence is

no longer constant and where emission is isotropic instead of diffuse. Thus

a blend of both diffusely and Isotropically emitted radiation will be received

by a sensor that views a deep-space rocket plume. Nevertheless, since most

radiation usually emanates from the optically dense core, the use of a view

factor F based on the assumption that the entire plume emits diffusely,v

usually gives sufficiently accurate results for most cases of interest.

View factors for Isotropically emitting) optically thin gas clouds and for

hybrid cases are discussed in Volumes III and IV of the Rocket Radiation

Handbook and may be used In cases that the assumption of diffuse emission

is totally Invalid. Of course experimentally derived view factors Fv can

also be employed if available.

Another factor that must be taken Into account before we can write

a final radiation equation, is the atmospheric transmission Tr = Tr(vS).

This applies In the case that atmosphere Is present between the sensor and

the rocket plume, causing the radiation to be partially absorbed or scat-

tered as it travels a distance S from the plume to the sensor. Tr(vS)= I
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of course if there is no intervening atmosphere. Volume V of the Rocket

Radiation Handbook gives expressions of Tr(vS) for various portions of

the spectrum.

Returning to Eqs. (3.100) and (3. 102) then, and adding a view

factor and transmission factor, the view-dependent radiant intensity as

observed by a sensor may be expressed byv

(dJ(v)j = d2 P(V) F v dP(v) 3,1.765 Y 1o0" 1 v T r(v,,S) F
dv I dvdO 4,T dv v

Watts
' ster.•THz '

(v, Av. =-THz)

Ii

(3. 105) *

where Tr(vS) = I outside the earth atmosphere, and Fv= I for a spherically

symmetric emitting plume. In Eq. (3.105)) v and AVlj are In THz (= 1012 Hz)

which is a more natural unit than the Hz In the optical region of the spec-

trum. In many approximate analyses, oiie might set Fv p I, if the plume

geometry is not accurately known.

Similarly Eq. (3.104) becomes:

*See footnote to Eq. (3.100).
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d ( 2 .8 5 4 9 x 1 0 " '4, S ( v( X, X , .f.. .
/(DSPR) JTz

___Wattsexp- "T -1 ;I •.se

L eq + i p

(3. 106)*

Equations (3. 105) and (3.106) give the spectral steradiancies of

deep-space rocket plumes in any desired part of the spectrun. To use these

relations, one has to know only the rocket mass flow rate ý/, the exit tem-

perature Te . and the exhaust species composition g9 = gxi = gx"•' Once the

spectral region of interest is specified, expressions for b('v,v,Avi) and for

iAV; can be written from the relations given in Volume II. To get the tote]

steradiance for a certain portion of the wavelength spectrum, ona can of

course simply integrate Eqs. (3.105) or (3.1Ob) numerically (or analyticaily

if the expressions for b(v',vAvt), etc., allow it) over the spectral range

of interest.

In Eqs. (3.105) and (3.106), all plume geometry effects are

contained In the view factor Fv , which is on the order of I. This formu-

lation is clearly much simpler (and also more accurate) than that developed

In other approaches (see for example Ref. 14) where plume geometry is first

tSee footnote to Eq. (3.100).

**In the sum over excited states I In Eqs. (3.105) and (3.106)$ many of the
gl have the same value. For example H2 0 has three vibrational infrared-
active levels, which we n. 4ht label I - 1, I = 2, and I = 3. Theni g1 = 92= 93'
The Index I = 4 might be assigned to the vibrational level of CO, and thus
94 9 g3 , etc.
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calculated from an approximate theoretical aerodynamics model and then the

radiation emitted by small volume elements in the plume summed over the

entire plume. Approximate averaged values for gas self-absorption and

emission factors are further used to account for intervening gas between

the observer and the volume elements.

The relations developed above are for a steadily burning rocket.

If the rocket ceases burning, the source term G(X1 ) in (3.63) drops out, and

if we assume the terms R(Xi), S(xi), and B(XI) to be negligibly small (we

may still assume P(X)= L(X ) under LTE conditions), we get:

aN(Xi) 6N.

-== D(XI) + C( XI)

J r dAi dn 1

= LA N + N - c a . dX -p. A" N. (3. 107)

"Here N. N(X.) is the total number of i-excited X molecules in the plunme, Nx

is the total number of X moleculesp and p, is th,.- probability for photons

emitte)d from excited molecular level I to escape from the plume. Expressions

for the escape probability p, of photons of wavelength X close to X;= c h/c

are given in Volume III of the Rocket Radiation Handbook. The equality of

the last two members of (3.107) is also discussed In Volume III.

The solution of (3.107) Is of course simply:

N.(t') 0N t= ) exp-(pAOt') (3.108), I

*As shown In Volume II, we have dA /dv= A, (f1 /AV b(vvjj) .
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where t' is measured from the moment of rocket thrust cessation) and

N (t'= 0) equals the total number of I-excited X molecules before thrust

cessation. Since J and dJ/dX are proportional to Ni , we have that:

Ii

(ýfdX ='~ d i exp-(p IAO t) (3.109)

where dJ refers to the steradiance due to emissions from the i-th level
"h�- t =0

only (Eq. (3.106) with the summation sign over i omitted) at time t' = 0.

The escape probability parameter p1 is unity for an optically thin

plume and becomes small for an optically thick plume. It depends in a com-

plicated way on plume geometry, plume temperature and pressure, and other

parameters (see Volume III).

From the results we obtained above, It Is clear that for a steadily

burning rocket, the radiant emission Is in first approximation independent of

whether the plume is optically thick or thin (except for the view factor).

That is whether a pho*on released from level I In the plume is reabsorbed

and reemitted 1000 times on the average before It escapes from the plume, or

whether It experiences absorption and reemlssion 10 times is of no consequence

to the total outgoing photon current that leaves the plume as long as the

supply rate and decay rate of excited levels are balanced, that is under

steady-state operating conditions. The photon eventuially escapes the plume

and Its average hold-up time In the plume Is not Important.

When the supply rate of I-excitod molecules Is suddenly stopped

however, the radiance dJ/dX will decay exponentially with time, and now the

3-I6
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average resistance for a photon to escape or the average hold-up time does

become important, and is incorporated In the escape parameter p, . The

calculation of pl for various plume geometries is given in Volume III.

3.3.3 Undisturbed Core or Mach Cone Radiation (CORE)

When a rocket engine exhausts Into the atmosphere, the plume

radiation can no longer be treated quite a- simply as in ,he case of a dis-

charge into the vacuum of deep-space, because of the interaction of the

exhaust with the ambient atmosphere. In this case it is necessary to con-

sider separately the radiation emitted from (a) the undisturbed core region

of the plume, (b) the mixing region of the plume, and (c) the slowed-down

exhaust cloud which is left in the atmosphere (see Chapter 2).

As discussed in sections 2.3 and 2.4, CORE or Mach Cone radiation

is essentially due to radiative deexcitations beyond the rocket nozzle of

molecules which were originally thermally excited Inside the high-temperature

rocket chamber. However only those deexcitations which occur in the

"Undisturbed Core" or "Mach Cone" as shown In Figures 3-11 and 3-12 (see also

Figure 2-1) will be considered to contribute to CORE radiationý Outside this

region the molecules are reheated due to collisions with molecules from the

atmosphere. This requires separate consideration and will be treated in

the next section.

* Clearly the total radiation from the core is equal to that emitted

by the exhaust in deep space (DSPR), minus an amount that would have been

emitted by still-excited molecules that travel beyond the core region boundary

* into the mixing region. If one can calculate therefore the mean dwell time

TM of molecules in the Mach Cone region and one knows the mean radiative

*The terms "Mach Core" and "Mach Cone" will be used Interchangeably from
: here on.
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emission time TrI and suppressant transfer time Tqi (see Eq. (3.94)), one can

obtain the total radiation emitted from lbvel i from the CORE region, by

multiplying the solution for the DSPR case by the non-survival fraction F.

of excitations i in the core:

F e ( I - exp (3. 1O)I +q

The radiative decay time ri must be used in (3.110) and not the

collisional mean life of an excited level i of a molecule, since according to

LTE, the collisional excitation rate e.uals the collisional deexcitation rate

everywhere in the core (see the previous section) and therefore the net

radiative decay time of level i for the bulk flow is ri. Often T i is zero

in (3.110).

The total radiation emitted from the CORE region is thus given by:

dP(v) 3.9917 X 10"10 iif " i-j

3I91I I -A"V+fz

k~. .r I ,T + Hz

or In terms of wavelengths: )3

""w,) gf.• Ib(Xv.j) ,• )
dX -3.5876~ x 10 i

\d%-d•- '= E,8(5xI0gi~f i j 6,V
-k•,•m I j J(Hz)F-T_ [ , + T ]

. p I jxp- x (M Watts (3.112)

ii T qiI)
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In applications where one deals with ground-state connected transitions,

j =0 and fij= I so that the summation over j ia unnecessary.

Equations (3. Il1) or (3. 112) now contain a stronS altitude-dependent

parameters, namely T M (and a weaker one, AV,,). This is in contrast to the

DSPR equations which were free of altitude-dep,-ndent factors, except for the

view factor F . Equations (3.111) and (3.112) still must be multiplied by

the view factor F /4TT and the transmission factor Tr(v) to obtain the
v

direction-dependent steradiance. Thus (using units of THz for v and Avij):

(dv) 31.765 F Tr(v) V "E ......AV

CORE (kg/s) (THz) I j j(THz)

F -Watts
exp- I + + ster. THz

"L p (4i )][ iT: Ti exp- ( i'] , W a tt

(3.11 3)

dJ ) 2.8549 x 106 ( ) Fv Tr(X) • gifbj ,v
d, CORE X(pm) Ij ;J (THz)

FI .) ,i ]['M WattsSexp-( I k- I exp--I str

a)(7'+It- s tar . 4

(3.114)
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Expressions for the molecular spectrum parameters b(vtV,Av ij),

wAvi. ) Ti ) Tqi , w.i ,ei , ZV , etc., are given in Volume II of the Rocket

* Radiation Handbook, while the rocket hardware parameters W , gi , and T arei e

assumed to be specified.

The spectral band or line-spread Aq.. depends on the mean

temperature in the Mach core TM and therefore also on altitude. As an

approximation we may take for TM in the core:

T2 T + -T (3.115)"
M 3 e 3 exh

where:

Texh = T(c a .. 0) = Te( a , OK (3.116)

in which:

To ý Mean temperature of exhaust gas in nozzle exit plane, °K

Tc = Combustion chamber temperature, 'K

0 e = Pressure of exhaust gas in nozzle exit plane,

bars (I bar = 14.5 psi)

Pc Rocket chamber pressure, bars

Pa =Ambient atmosphere pressure, bars

- • Rocket exhaust gas coefficient (y - 1.2 usually)

*A more rigorous approach would be to set (TM)CORE = (I-Xc) Te + XC Texh

and to determine XC experimentally instead of setting XC • 1/3.
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Note that TM is defined In such a way that (TM) (TC)DSPR T when

Pa " 0. Equation (3.H16) can be derived from one-dimensional rocket exhaust

flow dynamics (see Volume IV, Rocket Radiation Handbook). The altitude

dependence of Avij. enters thus via pa into Texh and thence into TM

on which Av.. depends.

The remaining, more strongly attitude-dependent parameter which one

needs in Eqs. (3.113) and (3.114) is the CORE dwell time TM . If the mean

bulk velocity of molecules in 1he Mach Core region is V'M (m/sec) and the

mean travel distance through the core equals EM(m), then clearly:

TM = IM/VM , sec (3,117)

Now, as illustrated in Figure 3-11, in the free jet or plume the

air molecules will start to diffuse inwards into the core, while at the same

tii".e the exhaust diffuses outwards into the air. The velocity of the diffusion

front of the inwards-moving air we shall label 4f and it may be a function of

time, that is Vf = Vf(t). The exhaust gas moves at the same time rearwards

(with respect to the nozzle) with an average velocity VM = VM(t). Time t

is defined here as the elapsed time since the exhaust molecules left the

nozzle exit plane.

Now as illustrated in Figure 3-11, due to 'he pear-shaped core flow,

whose general features may be calculated in first approximation from the fr tl-

tionless Euler equations of fluid dynamics (and which has various types of

S• shocks In it*)) the inwards diffusion front also follows a pear-shaped contour.

"*It should be mentioned here that In spite of the presence of internal shocks
Inside the undisturbed core, the Gauss divergence theorem still holds throughout
the core, even through shocks. Thus the result (3.93) still applies.'il .- t

i .... ,t 1d
- ,'' ,_•• N r I •T ql I 1'@ .... .•]•,'*•;J • =1T :":' 'W'~q mm lmm l li lm143-- -
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If the jet did not fi'st blossom and then contract, but instead

flowed everywhere in straight lines parallel to its axis as a straight

cylinder, tte diffusion front of the inwards-diffusing air would proceed

as shown in Figure 3-i2.* For this case relatively simple relations can

be developed to calculate the undistrubed conical core height h and

thence the average travel length L. Before treating the blossoming

supersonic jet case, let us first consider therefore the inward diffusion

of air into the simpler cyl'i-ndrical jet model of Figure 3-12.

The height of the undisturbed cone h (see Figure 3-!2), which

is the point where the inwards-diffusing air has reached the centerline

of the cone, is given by:

t f

f vM(t) dt
h D f De

h= - ,m (3.112)

ff

SVf(t) dt4

The diffusive propagation velocity Vf is in general composed of a

molecular diffusion component V and a turbulent diffusion component Vft

that is:

*The situation of Figure 3-12 is actually close to that which exist for a
subsonic aircraft exhaust jet.
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Vf = fd + Vft rm/sec (3.119)

If the air-related exhaust velocity V given by:r

Vr = IVv-MI , nm/sec (3.120)

is large, the turbulent term Vft usually dominates and Vf V ft If on the

other hand Vr 0, no turbulence can exist and Vf Vfd . In (3. 120) Vv is

the rocket venicle velocity.

"Now as shown in Appendix D, the inward velocity of a diffusion front

for a cylindrical geometry is given by:

"V" 2 2 / a2rf m/sec (3.121)

where:

I Molecular gaseous diffusivity,9 m2 /sec

D
a ea = = original radius of axisyn~etric exhaust plume

I t time t = 0 , m

rf Radial distance from plume axis of diffusion
front from plume axis. m

we have also according to Appendix D that:

j rf ae -, m (3.122)

145



FTD-CW-01-O1- 74 June 1974
Vol. I

The time of travel tf for the diffusion front to reach the axis is then

according to Eq. (3.122) given by:

_ i a 2

tf e sec (3. 123)

Then the average molecular diffusion front velocity Vfd is:

f te a 4! 8D b m/sec (3.124)
Vfd tf ae ae

where D is the nozzle exit diameter.
e

The average inward velocity due to turbulent diffusion, Vft ' is

similarly given by:

ft= D = 4 V* (3.125)
e

where the "friction velocity" is defined by (Refs. 37 and 38);

2 Zt1V* a - D- - (3. 126)
S.e e

and:

2) Turbulent diffusion coefficient, m2 /sec

tt

A theoretical value for V, derived from Von Karmann's theory of

turbulence (Ref. 37) Is:

V*.0= O150 Vr Re 0 125 , m/sec (3.127)

4
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where tha Reynolds number Re is given by:

V D k V D V D
Re r e d r e r e (3.128)P,/P ,.)

In Eq. (3.128) p/p is the "kinematic viscosity" and !b is the "molecular

diffusivity" which equals 2 = kd p/p. Here kd = 1.200 for hard-sphere

molecules and kd = 1.543 for molecules which repel each other according to

the inverse-fifth-power of the distance (Ref. 34). For the exhaust gases of

interest we shall take kd d 1.4.

The velocity Vft is according to Eq. (3.125) and (3.127) then:

Vft = 0.60 Vr Re0125 (3. 129)

where V must be time-averaged over the time interval tf . Usually VM =

- constant and Vr = Vv" VM = constant, during the time interval tf • That

is no significant changes occur In the plume for a steadily moving rocket

during a time interval tf ; 10-3 to 10-2 seconds.

Substituting (3.129) and (3.124) into Eq. (3.119) we obtain for

the average diffusion front velocity Vf
4f

-0.125O 8=8 + 0.60 V Re-O 1 n/sec (3. 130)

and from (3.118):
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D e .15]-
h = e M - + 0.60 0Re 12

e

D 0
-- [A + 0.5516 V , m (3.131)

e2 r

Values of h calculated from Eq. (3.131) agree surprisingly well with

experiment. For example for the case that Vr 100 m/sec, D = I inch -r e

2.5 X 10 m, and with . = 'air = 1.6 x 10 m /sec, we calculate from

(3.131) that h/De ` 4.02 while experiments with uubsonic jets (Ref. 39) show

that h/D • 4.25 in this case.

We can also obtain the time-dependent radial diffusion front velocity

Vf =V f(t) which according to Eqs. (3.121), (.3.127), and (3.128) is:

Vf(t) : {2) + 0.06895 De Vr 'b - 0.--) (0 5 , i/sec (3.132)

The mean distance of travel LM for a molecule through the undisturbed

cone, prior to entering the mixing region, is given by:

a a\(a r)
LTr = 2 d r r t M 2 r dr

Sr=O e e

a 2  D1 02 V1
L = - -- I--- (3.133)
M 24 96 -t 6 ht,=m, (3,1m3,
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since

a 2i D2 V' ~ M De VM
4 2) 6 M (3.134)

tot tot

Here we define 2htot to be:

".t) =to ) + !)) t m2 /sec (3.135)

whiere.

= 0.06895 De r 0 2 5 (3.13)

Written out thus:

LM 2e VM 8D + C.55!6 1, m (3.137)12 e

The mean residence time TM for a molecule in the undisturbed cone

is finally:

EM De 8. 125 -

M = -e + 0.5516 r sec (3.138)

M - 12 D~V I

The result (3.138) applies to the cylindrical straight jet. For

the blossoming supersonic jet shown in Figure 3-11, one could as an approxi-

mation replace De by Dexh • where Dexh is the diameter of the Jet upon adiabatic

A expansion from pressure p to pressure pa according to one-dimenslonal flow
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theory (see Vol. IV). This approximation might be reasonable at the lower

altitudes, but at the higher altitudes where Dexh is large it would be

physically unreasonable to expect that atmospheric air would not have pen-

etrated the plume to a considerable extent before the exhaust has expanded

to diameter Dexh* A more agreeable though coarse approximation is to replace

D by D (D+ exh) in Eq. (3.138), where Dexh Is the diameter at fullDe by 2OMeh

expansion (see Vol. IV):

F +1-1/4

/h4 = D ( -2 J m (3.139)Dex - Ot\ a c

Here pc is the combustion chamber or total pressure of the jet, pa is the

ambient air pressure, and Dt Is the nozzle throat diameter (m). Then:

-I

TD e+Deh [16 2ý +0.5 I6 2. Z.125 se
('rM)super- 24 [Oe + D.516 r kr(De +Dh))

sonic
jet core

(3.140)

We shall assume (3.140) in what follows.

Now the "molecular diffusivity" Z Is a function of temperature

and pressure. In Eq. (3.140) the value for Z must be evaluated at the

Core Gas/Mixed Region interface. We can write approximately for Z (see

Eq. ( , )

I 
(fi)3/2

=2.35 x 0- I2,m/se (3.141)

"PI a/6 e

150



June 1974 FTO-CW-Oi-01-74
Vol. I

where:

= Average temperature in Interface region, *K

P1  = Average gas pressure in Interface region, atm

Me = Mean molecular weight of exhaust gas, a.m.u.

•a /0 0•(rA+rX)* - Average collision cross-section

between air molecules A and exhaust molecules X;

in units of P - ,016 cm, = 1020 ma

rA, rX = Average collision radii of molecules A and X
respectiveoiy, A

For most rocket exhaust gases the product (a M1/ 2) Is nearly
ale 0

constant and we may set:

(•, 1 /2) w 46 • (.a.m.u.)1, 2  (3.142a)
0/ a

In Eq. (3.141). Further we shall assume that:

! Pa (3. 142b)

/ w T1/2 T T 3/2 (P Y (3. 142c)*

With the values (3. 142a) through (3.142c) substituted In (3.141), we obtain

finally for 2:

*The choice for this estimate is based on the requirement that the CORE
dimensions must attain a constant finite value In deep-space where Pa - 0

(see Eq. (3.144)). If we took f3/1 - T3 12 (p /P)3(,yoI)/2Y the CORE1 e 0 a' 0 P IOR
dimensions would grow (very slowly) to infinity as pe 0.0. This we know
Is incorrect (see section 3.3.2)'.

• I?'"
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where:

T. Average exhaust gas temperature in interface

region, OK

PI Average ga,. pressure in interface region, atm'

M e Mean molecular weight of exhaust gas, a.m.u.e

•a/e TT(rA+rX)l = Average collision cross-section

between air molecules A and exhaust molecules X;

in units of Az 0-16 cm" = 10-20 mr2

rA, rX Average collision radii of molecules A and X

respectively,

For most rocket exhaust gases the product (Fa RI/2) is nearly
a/e e

constant and we may set:

aaie4I/2) 46 , (a.m.u.) 1/2 (3.142a)-ae e

in Eq. (3.14I). Further we.shall assume that:

PI A Pa (3. 142b)

(-i )/Y

TI w Texh = T( "ea (3. 142c)
p

With the values (3.142a) through (3.142c) substituted In (3.141), we obtain

fInally for !b

S4
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T 3/21ýr T 3/2 (pa/P) 4r
. 5. 126 X I09 -exh rt 5. 126 x 09 e ae m2 /sec

Pa pa

(3.143)

Note that the parameter TM as defined by (3.140) approaches a

limiting value at very high altitudes (where pa o) which is given by:

S)2y2 -I I
MM 384,) 5.080 X 3 )

D2e Pe
T3/2 e sec (3. 144)

e
(m'. bars. 'K' 3 / 2 )

Here De is in meters, pe is in bars, and Te Is in OK. When pa - o, the

molecular diffusion part (the first member) in the brackets of (3. 140)

becomes much larger than the turbulent diffusion part (the second member)

so that the latter can be neglected. The rcsultant expression then becomes

equal to (3.144) which is independent of Pa

The mean core length similarly approaches in deep space the value:

( )Mo'exh
(M) " LMH - 3482

y+ 3 I

pp

5,080 5 ( I e Me , m (3.145)

e T e

Thus even in a vacuump a CORE region can be defined which cannot be penetrated

by whatever ambient molecule Is encountered. This is as it must be physically
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,(:cording to our definition of the Mach Core. For typical values of y 1,.25,

,) 40 bars, Pe -ý 0.5 bars, Ve = 2000 m/sec, and Te . 1500 0 K, we find f or

example from (3.143) and (3. 144) that .rMH = 30 sec, and LMH 60 kilometers.

One other parameter which needs to be determined more precisely

before we can use Eq. (3.140), is the absolute mean relative velocity

v- . Now we know tiat 9M must have a value somewhere in between

V and V , that is somewhere between the velocity in the nozzle exit planee exh

\.her(, the t.emperature is Te (and the pressure pe). and the velocity at the

fully expanded point where T = Texh (and the pressure pa). Using the

adiabatic isentropic flow relation (see Vol. IV):

-p p / T c - T /2

V = Ve 1/( = V l TT j_, m/sec , (3.146)I - (p/P) e Tc e

and the approximation (3.115), one may set:

S3 v• (e .. exh)... Ve •"1/-, im/sec (3. 147)*
e T eTe +-3

IHere T is given by Eq. (3.116)0 T is the combustion chamber temperature,
exh (316,c

"Te is the exhaust gas temperature in the nozzle exit plane, and V is the

velocity of the exhaust gas in the nozzle exit plane which is givdn by:

*The same remark applies here as was given In connection with Eq. (3.115),
that is in a more rigorous approach, the factor 1/3 In Eq. (3.147) should be
replaced by XC which may be obtained experimentally or analytically.
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Ve 129 (me r/sec (3.148)

In Eq. (3.148), e is the mean molecular weight of the exhaust gasese

(grammoles), y is their specific heat ratio and the factor 129; -=

128.973 m/sec, where R is the gas constant.

In conclusion, we have obtained an expression for the radiant

inteýisity of the CORE reqion of a rccket plume (Eqs. (3.113) and (3.114))

which is theoretically rigorous except for the estimates or approximations

(3.115) and DM (De+ Dexh )/2. Both approximations enter into the parameter

TM via relations (3.140) and (3.147), while Avij depends only on the

approximation (3,115).

Because of the approximations thAt were used, it may be argued

that the result (3. 113) or (3.114) gives no large improvement over the usual

colculations based on a computer sum over the radiation from many small volume

elements of a mathematically calculated flow field. However it should be

remembered that the theoretically calculated flow field as well as the

averaging over photon mean free paths, emissivitles, etc., which are always

made in such computations, also contain many approximations that cause the

firal result to have in uncertainty as large as (and usually worse than) the

one inherent in calculations basod on (3.113) or (3.114). When a signature

of dJ/dX as a function of altitude h is needed, Eqs. (3. 113) and (3.114) can

give immediate answers, buv if the usual "cellularized field" approach is

employed, a new elaborate computer calculation is needed for each altitude

point. Clearly, Eqs. (3.113) and (3.114) are much superior in such a case.
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Eve:i if the calculation v-a Eq. (3.113) or (3.114) gave a -esult that was

sliclhtly too high or too low, this effect would be carried through at all

altitudes, -nd thus would not influence the general shape or trend uf an

a3ltitude signature.

3.3.4 Afterburnincg and Collisional Deceleration Radiation (ABCD)

Because most rcket exhausts are fuel-rich and contain considerable
fra':r ions of unoxidized H2 , CO, H, and OH, reactions with 02 of the atmo-

sphere will take place in a rocket plume. In these so-called "afterburning"

reactions heat is liberated which will cause additional vibrational exci-

tations in some of the exhaust molecules and thus additional emissions of

radiation. At the lower altitudes, the air density is high and thus the

supply of oxygen plentiful to sustain afterburning. However as a rocket

reaches the higher altitudes, tha thinness of the atmos:)here causes a gradual

fade-out of afterburning and thus a subsidence of afterburning-initiated

radiation.

In addition to heat released from afterburning, heat is generated
A

in the mixing region from the conversion of dynamic velocity energy of the

plume relative to air. rhis radiation-generating "collisional deceleration"

takes plaLe in the air shock (see Figure 2-1) and must be considered together

with "afterburnin9'g since their heating effects occur concurrently so that

the total temperature rise and therefore the radiation rate is higher than

if the temperature rise due to each mnechanism were considered separately.

The two me-hanisms are thus coupled ana we sh.Fll use the label ABCD to indi-

cate their combined effect in the general case. Howitver at high altitudes

where afterburning ceases) collislonal deceleration is the only significant

radiation-producing mechanism left of course.
"4l
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Now formally we can write for the ABCD radiant emission coming

from the mixing region:

dJ hv Fv Tr(v) f dAi dn. Wattsdv~~) -4J 2 p •-u du ,(3 .149)
dv 4i Jfi du ster. Hz

ABCD
Volume

where the integration is over excited molecules i in the mixing region (or

ABCD) volume, and the other parameters are as defined before. To evaluate

(3.149), we shall use an approech similar to the one given in section 3.3.2,

and obtain an explicit expression for the quantity beyond the integral sign

in (3.149).

We shall again assume local thermodynamic equilibrium (LTE)

throughout the ABCD region so that P A,'j L terms in the equivalent of

Eq. (3.63) cancel each other, and we are left with:

'ABCD G' +AC (D~ a150)

Here D. , Ci , and F. are as defined before in section 3.3.2, but now the

radiation-generating term (GI)ABCD Is different. We have neglected the

stimulated emission term B. here as well as the V-V exchange terms R. and

S. of Eq. (3.63) E!:-,ce they are usually negligibly small. If V-V exchange
/( -1 -I)

is important, a correction term T 1"/(r 1 + rqj) may be factored into the
i q

relations we shall develop below In the same manner as we did for the DSPR

and CORE radiation cases.
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We can formally write for the source term:

(= V 'VABC [nFl~i + nxTi~] ,(3. 151).I)iABCD VASCD --n +. Xj

where we neglected again kinetic diffusion effects (see the -liscussion

following Eq. (3.84)), and where:

SABCD Bulk velocity of molecules in the ABCD region,

m/sec

n X Density of molecules X, m-3

-3
nF Density of fuel molecules F, m

AB chemical reaction conversion parameter giving

the number of excited states Xi produced due to

reactions of fuel molecules F with atmospheric

oxygen, per fuel molecule F

SlTli = Fraction of molecules X excited to state i in

ABCD region due to the ABCD temperature increase

The product nFti equals the number of excited states X. created

per unit volume due to AB chemical reaction (not due to any other already

existing X 's), that Is:

n( ) = tinF (3 f52)

We sha ' discuss the parameters i and TI in detail below, but first let us

car , out an Integration over the ABCD emission volume In the same manner
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as we did for the Mach Core case. We again assume steady-state conditions

so that bni/6t = 0 in (3. 150). Then we have that:

(Di)ABCD (Ci + FOi)ABCD + f V"'VABCD (finF +IinX) du (3.153)

ABCD
Volume

Or, since (Ci)ABCD represents the number of photons absorbed per unit time

in the ABCD region, the net rate of escaping photons is:

fA dn.
(Ei)~~ (D •)A du

(EI)ABCD (Oi "Ci)ABCD / pf I i du

ABCD
Vo Iume

BC / .ABCP tnF+TinX) du , photons (3.154)*
ABED

Vo I uml

which when converted Lo a surface integral over the entire surface of the

ABCD volume yields:

/E)A~p dn u n/ +]BC ( nF+i d's
(E;)ABCD f I du /j VABCD ( dF =X

ABCD Surface of
Volume ABCD Region

photons (. 155)

where ds is the directional unit surface normal to the surface. We recognize

SABCD nF and VABCD n to be the Influx of unburned fuel and excitable molecules

to the ABSD region, and VABCD n Ft and VABCD nXTj as the influx of excited

*A' is the total spontaneous emission rate from level i (see Vol. IIU Rocket
Radiation Handbook). The contribution to excited levels i from the cascade
term F1 I = Eki (see Eq. (3.95)) Is here Incorporated in factors g, and T,

1 Q8
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molecules Xi due to respectively afterburning reaction and thermal excitation

(including cascade contributions). We shall assume the ABCD region to extend

to some distance LABCD behind the rocket, beyond which no or very few excited

molecules X. exist so that the outflux of X. is zero. Then if we assume ",i

and Tri to be constant throughout all or a portion of the ABCD region including

the entrance boundary*, but zero elsewhere and at the exit boundary (we shall

take appropriate averages), we see that (3.155) reduces

Sdu A.N, = AO N. +N(EJ ABCD fp i di du =I i i(I reaction Iexhaust)

ABCD
Volume

6.025 X 102 3 / (gF~i + gih ) photons (3.156)9F~i +gili) sec

where 6.023 x 1023gF W and 6.025 x 1023 gi W is the total influx of unburned

fuel and excitable molecules per second. Substituting (3.156) in (3.149),

using the relation dAi/dv = juA i /Avij ) b(v,vij.,Av J), one obtains:**

(dJ)AD = 31.765W v F, Tr(v) "• (iJ b(v,vijAvij)

dv A BCD (THz) 1  j

(THz)

"gFtl + lgil ' stertt THz (3.157)

Equation (3.157) is very similar to (3.113) except for the parameters ý. and

which we shall evaluate next.

*Usually most chemical reaction represented by ti and collisional deceleration

represented by T1 take place in the air shock which is rather thin. We can
thus consider this as a planar source region which feeds excited molecules to
the ABCD region of the plume.
**See Volume II for expressions for A0. , b(vyvij ,vij) , etc.
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One can visualize the ABCD region as a rocket-following chemical

reactor of equivalent aiameter DABCD and equivalent length LABCD to which

ambient air and fuel and excitable species are fed. The feed rate of fuel

and excitables is of course:

d(Fuel)/dt = ,F moles/sec (3.158)

d(Excitables)/dt = 9. W , moles/sec (3.159)

while atmospheric oxygen and nitrogen are supplied at rates of approximately:

d(02) (M D 2 moles (3.160)
dt a 0. aa 4 a second

d(N 2) = 0 .8 V M - moles ' 3 .16 1)

dt ama a second "

in which:

Va = Va (h) = Effective average air inflow velocity into
ABCD region, m/sec

M =M (h) = Molar air density, moles/rn 3
a a

Da = D (h) = Effective air inlet diameter of ABCD region, m

We shall develop expressions for V and D later on.
a a

In nearly all rocket exhausts, the only Important fractions of
9

unburned fuel are H2 and CO, at mole concentrations of and gCO moles/kgm.
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The chemical combustion reactions which these species can undergo when mixed

with 02 are listed in Tables E-I and E-2 oi Appendix E.

From Appendix E we find that the number of excitable molecules

produced in the ABCD zone due to AB chemical reaction may be expressed by:

NH20) reaction NH2 H 20 (3.162)

(Nco2) reaction NCO co02  3.163)

where aH and rC0 are the degrees of conversion in the ABCD region of H2
CH2 CO2 2

'nolecules to H and Cu molecules to CO2 resnectively, which are given by

the expressions:

7 •H 2 0 to '(Ch- %o) + th H(Co'-h) (3.164)

' r
tCO2 to H(fc'-o) + gc H(Co "tc) (3.165)

I
Here the Heaviside function HWx Is defined by:

_ H(x) = I, for x > 0 (3.i66a)

H(x) = 0, for x ." 0 (3.166b)
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and according to the analysis given in Appendix E we have:

= Io( o V (3.167)
2a a a/

(4 a 1000 a (3.168)
gH2 + •-O'Pa Va

6 (4 a 1000W

9H2 13I6 + D2) a V a (3. 169)
4a) 1000 W/

CC h+(.ao2)P a Va.

In Eqs. (3. 167) through (3. 169) we have:

Va = Effective air flow velocity into plume, m/sec

Pa = Air density, gm/m3

= Rocket mass expulsion rate, kgs/sec

gH CO = %Concentration of H2 and CO in rocket exhaust
at the nozzle exit, moles per kgm

Other paranmters are as defined before.

Of the AB reaction-produced molecules given by (3.162) and (3.163).

'4, j• the number that are In excited states with energy ex in a freely radiating

gas is according to Eq. (3.97J) given by:

Nx exp-¢( i) N ex (- )t (3.170)
NXl reaction •k• F{ x- ~
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Here X stands for H 20 or CO 2 and F for H2 or CO respectively. Comparison
with (3.156) shows that:

•i = X exp-\ r (3.1I71)

where:

T = Mean temperature in ABCD reaction region, °Kr

eX. = Excitation leval ; in molecule X from which
1 emissions occur, Joules

k = Boltzmann's constant = 1,3804 x 10-23 Joules/PK

The number of CD-produced excited molecules Xi is of course also

related by the Boltzmann factor to the number of unexcited molecules X in the

ABCD region. Thus 1, In Eqs. (3.156) and (3.157) is simply:

-"exp-(:kT.) (3. 172)

•1 -Equation (3.171) can therefore also be written:

S(3. 173)

The ABCD-produced teoperature T in the ABCD region may be expressedr

by:

Tr = Tmix + &TAIA ATCD (3.174)
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Here:

T Nexh Ce T. + Na Ca Ta T+ Ta (3.175)

mix Nexh Ce+ N Ca +

and ATAB and ATCD are the average temperature rises in the ABCD region due

to liberated heat from afterburning and collisional deceleration. In (3.175),

Ta and T are the air and exhaust temperatures (°K) prior to entrance of the

air and the exhaust into the ABCD region, while C. , N. and Ce Y Nexh are

the molecular heat capacity and total number of air and exhaust molecules

respectively in the ABCD region. The "mixing ratio" p a/e in (3.175) is given

by:

C N Na a a (3.176)
a/e Ce Nexh Nexh

The second approximation in (3.176) is usually good since Ca Ce

The temperature T Q In (3.175) must have a value somewhere between

the exit temperature Te and the temperature Taxh corresponding to complete

adiabatic isentropic expansion of the jet to the ambient air pressure pa a

given by:

/ (Y-l)/Y (Y-i)/Y
a Pa

T T e TP-I K (3.177)exh 5e p7

The actual expansion of the jet to ambient pressures is not quite adiabat6c

since M4ach Core radiation occurs. To correct for this we mnultiply Taxh by
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a radiative correction factor PM (to be discussed below) and obtain the

corrected temperature:

Y-1 1-
Th =M Texh = C•C) T OK (3. 178)

The exhaust velocity at the expansion point where the gas has reached

temperature Th and pressure p a is then:

1/1c(ý - 1/2 -

h Vexh 2 --[m-e -(Pc12 1, rn/sec

(3. 179)

In (3.177) through (3.179)) we have:

T = Rocket combustion chamber temperature, °K
c

Pr = Rocket chamber oressure, bars

Pa = Amnibent air pressure, bars

y = c /c = Ratio of specific heats a constant

pressure and constant volume of exhaust gas f 1.24

e = Mean molecular weight of exhaust, grams/mole (= a.m.u.)

e

:29 = F2 = 10-2 (2 x 8.517 x 107)I/2 = 128.973 m/sec

Rt = Gas constant = 8.317 x 10 , ergs (Ks)" mole-,

tI
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By using pc and Tc instead of Pe and Te in Eqs. (3. 177) and (3. 178),Ce

these relations are applicabin also at near-the-ground altitudes where tle

design nozzle exit pressure p = P is lower than the ambient air pressure

Pa and the design exit velocity Ve = V0 value is higher than Vh as given by

(3. 179). The exhaust simply expands to the ambient pressure pa in the nozzle

at these lower altitudes and then separates from the nozzle at some point

upstream before it reaches the exit plane, thus not utilizing a portion of

the nozzle.

Clearly the average exhaust qas temperature TQ just before it

enters the mixing region has a value less than Te but larger than Th * We

shall delay the evaluation of an expression for TQ until later, after we first

complete the derivation of relations for the other temperature-effecting

contributions in Eq. (3.175).

The parameter $M in Eqs. (3.178) and (3.179) is equal to the

fraction of the total exhaust gas energy not lost by radiation from the

Mach Core. From an energy balance we obtain for the radiative correction

factor M

- H(T) PCORE PCORE
CORE= o- CORE (3.180)! M H(Te)• H(Te

ee

where H(T e is the enthalpy In Joules per kilogram of the exhaust gas in

the nozzle exit plane and PCORE is the total radiation (Watts) epitted from

the Mach Core. Now for nearly all rockets the CORE radiation is in the

infrared and &Ae to vibratiunal tranSitions. Thus Eq. (3.10V applies, a.d:
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PCORE ( -v CORE

v=O 0

-x I - eXp- QrM/lj,r Watts ,(3. 18I1)"

where we assumed ,rq= 0 for convenience. In obtaining (3.181) from (3.111)

we used the relation (see Vol. II, Rocket Radiation Handbook):

f b( 'Ii8A)ij~

o V dv =Vij P Vi (3. 182)'

The enthalpy H(Te) in (3.180) can be approximated by (Ref. 33):

H(Te) = C Te R Te g( 2 , Joules/kgm , (3.183)

where:

= Degrees of freedom of molecular species i

R = Gas constant 8.317 Joules • OK " I . mole "1

With (3.183) and (3.181) substituted in (3.180) and using the

relation v. = c/Aj then:

I , * We have neglected the V-V transfer correction term in (Zi.181).

4*ThP result v.. ft v. only appl;es to vibrational transitions of course.

1. 167
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Xi fexp (hv i/kTe) - II_ I I - exp-( M /.ri)I
M I- 14,3a8.5 T • _g 1 (•i+2)/2 I

eJ

(3. 184)

where X. is in ptm and the summation over i is over the various normal

vibrations vi of the exhaust molecules X. The degrees of freedom ¢i for

diatomic molecules such as OH, CO, etc., is oi t 5, while for the triatomic

molecules H2 0 and CO2 - 0i F 7.

Equation (3.184) can be written in a more compact form by defining:

T 3881 (3. 185)
14ý,388.5qi- T x. 3 15

e i

(0 K) (pm)

Then:

91 - exp- qi 'exp(qi) "

OM G I)- I (3. 186)
•. gi(¢+ 2)1/2

Note from Eq. (3. 186) that - I, if rM - 0 which occurs at high

altitudes where p 0. It might appedr at first that m could become neg-

ative If qi > I. However q, also appears in the exponential and the factor

"[qi/(exp(qi)-I)] can never be larger than I. Therefore iM can never become

negative for any combination of values of Te and X"

Returning to the mixing ratio p.a/e defined by Eq. (3.176), let us

next find relations for Na and Nexh for the ABCD mixing -eglon. Referring
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to Figure 3-13, the question requiring an answer is what molar ratio of air

tc, exhaust exists for the mixed gas flowing through the plane B-B'. At the

lower altitudes the rocket's velocity V Is less than the average jet exhaust
v

velocity'V x along the rocket trajectory, so that the velocity of air relative

to the initial portion of the jet Vk = Vx - Vv which is away from the jet in

the forwards direction, as illustrated in case (a) of Figure 3-13. At higher

latitudes however, the air velocity relative to the jet equals Vk = Vv - Vx

and is in the rearward direction relative to the jet, as shown in Figure 3-13,

case (b). However for both cases (a) and (b), the turbuient inward diffusion

process is only a function of the absolute value of Vk that is of IV kI =

- VxI = - x x - VJI. The same degree of turbulence results whether the

shear stresses in the exhaust/air interface 3re in one direction or in the

other.

In Appendix D it is shown that the number of air molecules that

have diffused inward into the plume over a distance Lp =.zf, that is in the

region prior to plane B-B3' is given by:

N = 0.98 m1 T a2 zf = 0.98 m TT a2 V tf , moles (3. 187)
a e efIf

Here tf is the time of travel required for the air to penetrate to the center

of the plume and zf is (see Appendix B):

f~

VM ae
z V t m (3.188)f M f 4 2~

*We are calculating here an average mixing ratio for the ABCD region of the
plume. Actually the mixing ratio varies axially of course, and at large dis-
tances from the nozzle exit where the exhaust gases have come to rest with
respect to the atmosphere (i.e., in the exhaust "cloud") Pa/e as t -'.
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A B

C'ase (a) V >V
x v

A B

Air

v v

k v x

A B

Case(b) V >V
V X

FIGURE 3-13. ILLUSTRATION OF MIXING PROBLEM
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M is the average bulk velocity of the exhaust in the core given by

Eq. (3.147) and z is the average radius of the plume (see Appendix D) whiche

can be approximated by:

SD + Dhe h m (3. 189)

Here De is the no7zle exit diameter, as before, and Dh is the diameter of

the fully expanded plume (see below). The parameter mI in (3.187) is the

molar density (moles/m 3 ) of air at the pure air/plume interface.

The amount of exhaust gas in the region prior to plane B-B' is

given by:

N 1000 t = D2 V t m ,moles (3.190)
exh f 4 e e f mee

where m is the molar density (moles/m 3 ) of the exhaust in the nozzle exite

plane. Then the average air/exhaust mixing ratio p a/e is given by:

Na 0.98 De + Dh M I (3.191)
1 a/e = NN h 4 D I V m

exh e / e e

The molar densities mI and m are given by:

P1  Pl 1000 Pl moles (3.192a)

m =• 0.08317 T m3

1000 Pe moles (3.192b)
me 0.08317 Te 3
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Here p, and T, are the pressure and temperature in the air/plume interface

layer. Now p, pa is a good approximation, but TI V Ta In fact

TI t,(T +T)/2 s Te is a reasonable approximation since the air is heated

in the interface region. With these assumptions (PI = Pa TI = Te) then,

the mixing ratio becomes (setting the factor 0.98 I):

Pa 9M ID e+ D h 129~a~ (e_+hI -a VM

Ia/e pe V e 2De - e V[- -1/4l,
I1 ( )1 /4 a )4-y 1/p2P

2 + I \a)I IM " cI

(3. 193)

In the second part of (3.193), the expression for the fully

expanded exhaust flow diameter Dh is written out which can be shown to

equal (see Vol. IV):

1/2 (-i1 )1/4( 2 )4(y-1) 1/2
D h OM Deh= D 2

Y -1 /4
P (La Y

P- p m (3.194)
Pa C

Here OM given by Eq. (3.186) Is the correction factor to account for radiation

losses from the core for the otherwise adiabatically expanding jet.
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Here p, and TI are the pressure and temperature In the air/plume Interface

layer. Now p, = Pa Is a good approximation, but T, 4 Ta. In fact according

to Eq. (3. 142c)) T, pw Te(pa/pe)2(YI)/3Y Is a more reasor-i:e estimate for

the interface region. With these assumptions (p,='-; TI=T(p /pe)(2y-I)/3Y),

the mixing ratio becomes (setting ths factor 0.98 o I);

y+2 y+ 2

(ft V e 2D e ra( ) ) '

I 2

+ 1i/2 (ýA.) 2Y - P ~(Y-I)/Y}I]
- (pa/Pc)(Y"I)/Y

(3.193)

In the second part of (3.193)y the expression for the fully

expanded exhaust flow diameter 0h Is written out which can be shown to

equal (see Vol. IV):

Y+

Dh OM, Dexh 2 +t£[
S m (3.194)

Here OM given by Eq. (5.186) Is the correction factor to account for radiation

losses from the core for the otherwise adiabatically expanding jet..
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If we assume Eq. (3. 147) for 9M s the mixing ratio expression

(3.193) can be expressed finally In the form:

r e= + i/2 To '(I " (~ P'/Pe "(1/ i41

I

(s. i3 I)

Here pa and p are the ambient air and nozzle exit plane pressuress, ad we

used Eq. (3.116) for T ixh In the expression for

It Equation (3.195) still contains oie difficulty in that the

pressure, temperature, and velocity In the nozzle exit plane, pI a p and

V are conirtant and equal to Ow deign value only as long es a <'Pe " if

Pa"> P a p which occurs usually at. rocket launch altitudes (ýhat Is near the1 Lground)* the exhaust will Separate from the nozzl* wall upstream from the

exit plane (overexpanded nozzle case). In this coe Te a s Ve are

different from the nozzle design values po, To, *nd V . To m t far

this situation, we therefore must write:

P - Po Ipo" pa) + p (pe -pPo) b er (s.1,)

'7 ,.. . . ..•.
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If we assume Eq. (3.147) for VM I the mixing ratio expression

(3. 193) can be expressed finally in the form:

IY'-
____ 'Pe! J

(3. 195)

Here Pa and Pe are the ambient air and nozzle exit plane pressures, and we

used Eq. (3.116) for Texh in the expression for VM.

Equation (3.195) still contains one difficulty in that the

pressure, temperature, and velocity in the nozzle exit plane, Pe , Te , and

V are constant and equal to the design value only as long as Pa <Pe If

Pa > Pe, which occurs usually at rocket launch altitudes (that is near the

ground), the exhaust will separate from the nozzle wall upstream from the

exit plane (overexpanded nozzle case). In this case Pe , Te , and Ve are

different fro- the nozzle design values P0  s To and V0 . To account for

i0

this situation ( w e therefore must write:

Ve a ao H(Po" Pn + ea H(Pt " Po) v bars (3. 196)

,I 1 73
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Te - T0 H(pa-pO) + Tc )"a') H(po-pa) OK (3. 197)

V = V H(Pa-Po) + 129 y -(a • H(P-p) , m/sec

(3. 198)

V 129 I (- ) )/yj rm/sec (3.199)

Here pc and Tc are the rocket combustion chamber (static) pressure and

temperature, M and y are the molecular weight (grammoles) and specific heate

ratio of the exhaust gas.

Thus by using pe , Te , and Ve as defined by (3.196) through (3.199)

in Eq. (3.193) or Eq. (3.195)) a satisfactory expression for the mixing ratio

results. Of course pe , Te • and V. are simply equal to the design values p

T 0 ,and V0 at the higher altitudes where pa < Po

Having evaluated the parameters necessary to calculate TmIx via

Eq. (3.175), we next calculate the temperature increments ATAB and aTCD due

to afterburning and collisional deceleration. We must have from a simple heat

balance that:

(YH 2 CH2 0 ANH 2 c co~ ) ex
"&TAB N C +N C

exh a a

C;' (YH2 CH 20 AHH2 + YC tco 2 AC0  0K(.20
V °K (3.200)

a/e

174 )

1. . I hl wmma m ~ m mg N I lnimgu m,,,.



June 1974 FTD-CW-01 -01 -74
Vol. I.

Here:
p

YH' YCO = Mole fractions of H2 and CO respectively

In the exhaust in the nozzle exit plane

99

! =M g2 (3.201)
YH 2 • 1I000'•

gc0 (3.202)YCO e 1000

gH2' gco = Moles of H2 and CO per kilogram of exhaust

gas

tH20. = Degree of completion of combustion of

2 2 H2 - H2 0 and CO - CO2 respectively given

by Eqs. (3. 164) and (3. 165)

AHH I AHco = Heat of combustion of H2 -- H2 0 and CO - CO2
2 reactions, Joules n mole"1

C0 a Ca = Specific heat (constant pressure) of exhaust

and air respectively, Joules OK-I - mole"1

The measured heats of combustion for the gaseous reactions

"H2 + -2 0 H20 and CO + j 02 -4 CO2 are AHH = 285,000 Joules/mole and

SIAHco = 281,000 Joules/mole respectively, while the speclfi: .,eat for most
exhausts that are rich in H20 and CO2 is Ce,= 34.1 Joules mole * O• .

Substituting these values In (3.200) gives:

( 8.3578 * ( 2 tH2 0 + 0.986 g C c o 2 ) O (3.203)

I ~~~~~~(AT)AB " •I+P/ ..

+ ~a/e
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Turning next to the temperature rise from collisional aiceleration,

we have if we assume that the relative dynamic energy between the plume and

ambient air along the trajectory is converted adiabatically to heat (that is

S R A .ILMe V 2 ):

Y1 R CD- 2 e k

M V2 N

()CD e k exh
TCD Mexh + Na

XCD Mk e IV' + 2 V VQ cos(e-•0) + V` cos 2 (e-) ,K , (3.204)= I+ P a/e) v vQQ

where the factor XCD is given by:

(CD)( = 60.12 x 10-6,( I K mole (3.205)

and where:

a d w e A Average mass of exhaust molecules, grams per mole (-: a.m.u.)
e

V = Rocket vehicle velocity, m/secV

VQ = Average velocity of the exhaust In the ABCD region relative

to the rocket vehicle, m/sec

= Angle between rocket thrust direction and direction of

motion of rocket, degrees

p = Jet flare angle, degrees

y c /Cv = Specific heat ratio of the exhaust/air mixture

*The dynamic energy component in the radial direction, M is-Me Vy

consumed by the work needed for expansion of the plume frompressure p to

ambient pressure p
a
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In Eq. (3.?04) we generalized the relations for the exhaust velocity

to the case that the jet axis (or rocket thrust direction) does not coincide

with the direction )f motion of the rocket vehicle, as for example for a

vernier engine or retro thruster. With VQ as the averaged bulk velocity of

the exhaust gas in the ABCD region relative to the rocket, one can write the

relations:

Vk = (V v-x) = (Vv + VQ cos(9-c)) (3.206)

Vx = VQ Cos(Tr - e+ cp) = VQ cos(e-(P) (3.207)

V = VQ sin((T- e+- ) = - VQ sin(0--co) (3.208)
pY

2x + v2 v2 (3.209)

Here ýp is the average flare angle of the Jet and e is the angle measured

between the forwards direction of motion of the rocket and the thrust vector

direction.

For a large booster rocket, ) = 1800 of course and Eqs. (3.206)

and (3.208) reduce to:

Vk (VvVQ cosCO) (3.210)

V =v Q n• (3.211)
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Equations (3.210) and (3.21:) usually apply to most cases of interest.

For diatomic molecules y = 1.4 and we obtain x = 17.2

from Eq. (3.205), while for y = 1.25, we get XCD = 12 x 10". Since most

of the air/exhaust mixing region contains diatomic molecules, we shall take

XCD • 17 x I0-6 in Eq. (3-.204) and thus:

17 x 106 '(p+ ~co~ ) + V2 cosI(e-Cp))
ATCD e v V IK (3.212)CD I + P a/e

In Eq. (3.2!2), V v and VQ are in meters per second.

Adding the contributions (3.175), (3.203), and (3.212) we can write

finally for the total temperature Tr in the mixing region:

T r TQ, Pe Ta + 17 X 10-6 M (Vv + VQ cos(--p)) 2

0( -I-- =P+a Tal +la/e)

8.3578 Me (gH2 tH2 0 + 0.986 9co ýCO2)

+ T a ( + PJ a/e)

(3.213)

It remains to find expressions for Va , Da , VQ , and the flare

angle cp . Fron a ;omparison of Eqs. (3. 160) and (3. 161) with Eqs. (3. 187)

and (3. 190), it !- clear that we may write for the air inflow into the

plume:

1 8-I
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V = 0.98 VM , m/sec (3.214)

D + Dh
D a= ia e 2 m (3.215)

where Dh was defined by Eq. (3.194)., De is the nozzle exit diameter, and VM

was given by Eq. (3.147). With these definitions for Va and Da Eqs. (3.167)

through (3. 169) can be written:

to= I + Ia/e(Aa/Ae) (3.216)

(36=a/ (Aa/A ) (3.217)
9gH2 I+P~a/e(H/e

( 3.64) a .e.a (3.218)

Of course ýH20 and tC0 are still given by (3.164) and (3.165) with t 'p h P
120 2

and tc given by (3.216) through (3.218). That is:

0 to If < th (3.219a)
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tH20 = ' if th < to (3.219b)

tCO 2 = o if to0 < t c (3.220a)

tCO2 = tc if tc < to0- (3.220b)
2f

In Eqs. (3.216) through (3.218) we used the relation:

(P8/ 8  V8 () D' ~\( 8  8 ( 2
a__aa_4_a__e_(2_D2 (3.221I)

-Ia/e 1 I000 /Me =I VCOOa 4 aD

Next, expressions for VQ and cp will be developed. At low

altitudes where the plume exhibits little blossoming V = VQ _ (V + Vh)/2.
x h

That is the average velocity of the exhaust in the atmosphere relative to

the rocket has a value between that at the nozzle exit and the value attained

at the point where it is fully expanded to ambient pressure. However at

higher altitudes the bulk velocity in the air shock region (where the exhaust

collides with atmospheric air) Is no longer mostly In the rearward direction

but instead it is sideways due to the flare-out of the jet. If this mean

-- flare angle is cp in the air shock region, then Vx and V are:
y

V• ft V coscp , m/sec (3.222)
x Q

V y VQ sln(p , m/sec , (3.223)

where:

VQ A d (V + Vh) P m/sec (3.224)
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Here Vh was given by Eq. (3.179). Though a coarse approximation, we shall

assume the simple average ixpressed by Eq. (3.224) for the velocity VQ in

the ABCD region in what follows.

Turning next to the flare angle cp, according to frictionless

Eulerian fluid dynamics (see Vol. IV), there is a maximum expansion angle for

a supersonic jet. The (approximate) Prandol-Meyer theory gives for this

maximum angle of the bulk fluid flow:

Cpmax) (-n- - / 4 radians , (3.225)

Meyer

which for typical rockets with y = 1.25 yields cpmax = 180 degrees. Clearly

this result is unreasonable and counter to observations. The result is not

completely surprising however since Eq. (3.225). which is based on Eulerlan

fluid flow theory, does not account for molecular diffusion and mixing

effects.

An improved method (over that of Prandtl and Meyer) for the

calculation of maximum jst flare angles Is presented in Appendix F. It is

based on the approximate high-altitude flow theory of Hill and Draper (see

Vol. IV). The high-altitude Hill-Draper Jet-flow theory Is also based on

r •Eulerian frictionless flow. However It assumes further a Gaussian exhaust-

gas density distribution (as a function of the polar angle about the jet axis)

for gas jets that discharge into a vacuum or very thin atmosphere. This

* assumption, though somewhat ad hoc, introduces real gas behavior (that is

some of the moleculor nature of a gas) into the otherwise mathematically

continuous and frictionless fluid postulated by the Euler equations.
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The expression for the maximum (high-altitude) jet flare angle

(cD)x , based on the Hill-Draper theory, Is given by (see Appendix F)7

(c)m = cos- - C (Tn B)/2 (3.226)

where • is the Hill-Draper parameter given by:

( VP ) Y [(I (P ) Y ~](3.227)

and:

5  (Pc\Ipc\ Y\ 2 (iB 4. 6 x 10 De "• + I/(3.228)

Here the nozzle expansion ratio E Is given by:

"E [ y- I

t) = c I \Pet

In the above relations, the nozzle exit diameter De and throat diameter Dt

are in meters, the combustion chamber pressure pc and nozzle exit plane

pressure p are in bars and the combustion chamber temperature Tc is in
degrees Kelvin.
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For typical booster rockets with -y = 1.25, • = 0.075, and B = 3000,

we find from Eq. (3.226) the value (cPCD)max = 51.4 degrees. This result is

much closer to the observed high-altitude jet flare angles than the value

(Pmax = 180 degrees which one obtains from the Prandtl-Meyer equation (3.225).

Now as a roc.<,et moves up from the ground into the upper atmosphere,

the jet expands from an average flare angle of c0CD P 0 degrees to ((0CO)max

S51.4 degrees. To obtain a relation giving the dependence of (p (0CD with

altitude, we shall make the semi-empirical estimate:

CPss((PCD) exp-j D a

max exh

ex ( ) xp- - 1 (3.230)
m a x L r e) I ( p o / P e )

Here pe is given by Eq. (3.196). Equation (3.230) shows the proper

altitude-dependent behavior for the flare angle. For (De/Dexh) << I, which

occurs at high altitudes, we have:

/ D D -D
a , Dex

(PhDich prpe - (cPCD) maxf aD e)h (3.231)

Swhich gives the pro~per scaling since tp- 0 if D exh D De and cp- (cPCD)max

when >>D . The exponential form (3.230) is preferable over the linear
e e
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form (3.231) however since it prevents the angle y from going negat2-ve at

very low (launch-point) altitudes where Dexh < D for most rockets.

'4ith relation (3.230), all parameters except TQ in Eq. (3.2i3) can

now be completely determined from the basic rocket hardware paramceters, the

rocket's flight trajectory, and the atmosphere's>ressure and temperature

behavior with altitude. /

There remains still one problem in using Eq. (3.213) for all

altitudes. This is the fact that as a rocket moves into the vacuum of space,

the collisional mean free path becomes infinite so that the region in which

conversion of kinetic energy into heat takes place via the CD process becomes

also infinite In extent.

In deriving expression (3.213), it was assumed that the AB, CD, and

mixing exchange processes all took place within a relatively confined region,

that is in a thin air shock and sharp afterburning combustion zone. At very

high altitudes, this assumption is no longer true and a thick air shock and

practically no combustion exist. Although the view factor Fv (see section

3.3.9) accounts for some of the spreading of the CD source energy and radia-

tion as the effective plume length L -0 co (one has that F -4 0, for L - c),p v p

at near-vacuum altitudes we have to further correct Eq. (3.213) and allow the

(AT)cD contribution to vanish as the altitude h - c (and therefore L -. 00).

The reason for requiring such a correction is that at deep-space

altitudes, the sum of the CORE and ABCD radiation expressions must go over

Into the expression for DSPR radiation developed in section 3.3.2. Since the

CORE region becomes rather large at very high altitudes where pa -4 0 (see the

discussion following Eq. (3.145)), most of the molecules relax and radiate

within the CORE, long before encountering an air molecule via which they
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could experience CD excitations. Thus essentially the CORE radiation

approaches the DSPR radiation and the temperature T of molecules entering
* Q

the CD region must approach the value Th wrfen TM >> 'i . Further, ever

after mvýlecules have moved beyond the undisturbed core, their chance of

colliding with an air molecule within the field-of-view of the observer

become vanishingly small of course as pa 0.

An inspection of Eq. (3.213) shows that the afterburning

contributions (tH20 and ýC02), and the air enthalpy contributions (Pa/e Ta)

to the effective ABCD zone temperature Tr , vanish as pa - 0 as they should.

The two remaining terms are the mean exhaost temperature contribution Tq

which, as stated, should approach the value Th , and the CD contribution

ATCD = 17 X0 6  e [V +VQ cos(x-10)e 2 which should vanish as pa -. 0.

Now in the formal radiation expressions that were developed *n

sections 3.3.2 and 3.3.3 two temperatures are needed. One temperature, say

T, , is needed to represent the average temperature of excited source molecules

that flow through an imaginary boundary into e region where the molecules emit

radiation, while the second temperature, say T2 , represents the average tem-

perature in the radiating region. Since radiation means a drop in temperature

we have always that T2 < TI * The temperature TI is needed in the Beltzmann

population factors exp-[ei/(kT)) used in the radiation equations, while T2 is

required in the expressions for the band-width function Avmn . For the DSPR•mn

case we had:

(T,) = T (3 232)

*Theoretlcally all kinetic energy of the exhaust relative to the atmosphere

is ultimately converted to heat and radiation and could be observed if the
field-of-view were large enough, and as long as pa 0.
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(T2 ) = TC 2 Te, (3.233)

OS PR

while for CORE radiation we had:

(TI) = T (3.234)

2OR e

T TM T + Texh (3.235)

To assure that TQ -4 Th at altitudes where TM becomes very large

compared to Ti , and to account for the fact that T2 < T, , we shall therefore

make the following estimates for (TQ)I and (TQ) 2:

(T)e +Th MK, (3.236)T 3) = h 3 e TeM"'+ ri "h M+ Ti

I T " TM

T(TQ) Th7 + T [TT + Th 0 K (3.237)

Here T M was given by Eq. (3.140), and Th by Eq. (3.178).

Adjusting further the ATcD term so It vanishes at high altitudes,

we shall write it as:

2

ATc 1 0_6 2 'K f . (3.238)
ACo 17 x I0" a [Vv + VQ cos((0-P)] f CD ,

where for TTO and ICO observations respectively:

1
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(fCD)TTO I + 1

IT Vs CDv¶CD/Ds

(Sc°)Ico sI i+co/DI (3.239b)

Here V is the rocket ,ehicle velocity (m/sec), D is the sensor's field-

of-view diameter (m) at the plume, and TCD is the mean time (sec) and XCD

the mean path 'm) between collisions for an air molecule that penetrates the

plume. The latter parameters can be shown to equal:

"r V + vQ cos(O-cp)l a nax

to(°K)'•
3.456x 10. -( -- ) V + vQ. cos(- , I sec (3.240)

Pa (bars) (m/sec)

_• _j •'C = na a/X) 1 8.4 O 10 Ta (°% )

na ra~/X) =8.748 X 10- Pa (bars)) , m (3.241)

Here n Is the molecular density of air and a/X Is the average microscopic

collision cross-section between exhaust and air molecules which is taken as

SarX ft 16 x IO-20 m2  (see Table 3-1) for the high altitudes where

air is partially dissociated.
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The factor feD gives the probability that a collision can occur

(and thus ATTcc be created) durlnq a sensor's time of observatioil T of the

plume. (Ts D S /V'v) and/or in its field-of-view diameter D .

With the above frnAl adjustments, we obtain:

(Tr) (I + [ a/e ) T a "[ T/eT +-T + T TM + ) +

+ Th M+ a h e T+

+ 8.3578 ae (gH2 ý12o + 0.986 gC ýo ~c 2 )
(3.242)

0 ___ii, (Tr) +T2 T a IL/e T a + + h " 2M

+ T + r7)1 + 17 x 10- a *V y + VQ cos(e-.,p) fCD +

+ 8.3578 e (9H2 tH2 0 + 0.986 CO tC02

(3.243)

Here pa/e Is the mixing ratio given by Eq. (3.195); Ta is the ambient

air temperature (OK); Te Is the exhaust temperature in the rocket nozzle exit
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plane; Th 's the fully expanded exhaust temperature given by Eq. (3. 178);

Vv is the rocket vehicle velocity (m/sec), VQ is the exhaust velocity given

by (3.224) in m/sec; tH20 and ýCo2 are given by (3.21k) through (3.220);

0 Is the thrust vector angle; ep Is the jet flare angle; Me is the mean

mole.ular weight of the exhaust (grams/mole); and gH and gco are the moles
9H2

per kilogram of H2 and CO that exit from the nozzle into the atmosphere.

Returning to Eq. (3.157), and using Eqs. (3.171), (3.172), (3.173),

(3.242), and (3.243), one obtains the following relation for ABCD radiation:

() =31.756 x 10 W v F Tr(v,S)
ABCD (kg/s)(THz)

g!f b (,j V1 ij1 AV I u) ______ ___Watts
g iJ - Txp k ) ster* THzLAv i j(Ta 02) a I

(THz)

(3.244)

Here Avj = Avij(Ta9 2 ) and exp-(ii/(kTa I1  are the band-spread and Boltzmann

factor which must be evaluated respectively at T = (Tr) 2 = Ta 0
2 , and

T = (Tr)I = Ta 0I . The parameter gi gives the moles per kilogram of the

,. tvarious species X with excitable levels I In the exhaust, augmented by any

H20 and CO2 that is formed in the AB process and depleted by H2 and CO

consumed in the same AB process. That is:

Kl
1 H20 I H2I C02 ;I CO) (3.245a)
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H2 0) -. H20 + H2 "H2 0 (3.245b)

= C02 ) 9-co 2  + gco0 2  (3.245c)

9(1 
1 o2 g o2 ~ c

9ii= H2) = H2  I - 0H0) (3.245d)

90 co) gco 0 ýco ) (3.245e)

Rewriting (3.244) in terms of wavelengths X instead of v , one has

alternatively:

/Trt•,S) Fy
: 2.8549 x 106 T , F v

xd% ABCD (kg/s) (

(T ~iJ exp-(---] Watts

(gi+*i)fJ, L&Vl (Ta 2) ( kTa 0 1ster. pm

ija2
(THz)

(3.246)

Here we wrote = g1 + In the alternative form:
iI

2H H2 i for I H2 0 (3.247a)

2 ,,2

*I= 9C0 tco2  , for I = CO2  (3.247b)
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i H2 tH20 , for i H2  (3.247c)

i 9co ýco 2  , for i = CO (3,247d)

. = 0 , for all other i (3.247e)

In Eqs. (3.244) and (3.246), the parameters Tr(XS) and F ure the atmosphericV

transmission and view factor as discussed before in sections 3.3.2 and 3.3.3.

Although the final relations (3.244) and (3.246) for ABCD radiation

contain a number of approximating assumptions, they have the advantage of

showing directly how the radiation depends on such parameters as .1titude,

exit temperatures, etc. The same comments that were given in the last para-

graph of section 3.3.3 For Mach or Core radiation, also apply to the ABCD

radiation formulas developed above.

3.3.5 Atmospheric Pumpin4 Radiation (ATMP)

Due to the fact that atmospheric temperatures are very high at

high altitudes (see Figure 2.3a), rocket exhaust molecules will get repeatedly

excited vibrationally after they have slowed down and come into equilibrium

with the atmosphere. In this "cloud" region, the exhaust gas has reached

pressure pa and temperature T . This repetitive excitation phenomena,

called "atmospheric pumping" is important only at high altitudes (h ` 90 km),

where the atmospheric temperature is high enough to iniduce vibrational exci-

tation in molecules. Because atmospheric pumping occurs only at high alti-

tudes, we do not have to consider reabsorptions and photon escape probabilities

(see Vol. III), and can consider the exhaust cloud to be optically thin.
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The collision rate between exhaust and air molecules per unit

volume is given by:

j 2N - n (h) nX collisions
dt d(Vol) a/X a/X a (3.248)

where nX ;s the molecular density of exhaust species X, naa(h) is the

atmospheric molecular density in molecules/mr3 , and Oa/X is the total micro-

scopic cross-section for momentum and energy exchanging collisions between

a,!- and exhaust molecules in mi. The mean velocity ;a/X (m/sec) is given by:

1/2

17/X ( , rm/sec (3.249)

in which:

MX = Molecular weight of exhaust species X, a.m u.

Ta = T a(h) = Kinetic temperature of atmosphere, °K

M = Molecular weight of air, a.m.u.a

M a 28.8 a.m.u. for 0 < h 1 I00 km (3.250a)

Ma 28.8 (I.100 - 0.001 h) , a.m.u. , for 100 < h • 400 km (3.250b)

M 40.93 - 7.50 X I0" h + 5.77 x I0 a.m.u.

for 400 < h : 600 km (3.250c)

192



June 1974 FTD-CW-01 -01 -74
Vol. I,

M 20.23 - 5.80 X I0"3 h , a.m.u., for 600 < h < 988 kr, (3.250d)a

M a 14.4 , a.m.u. , for 988 < h < o km (3.250e)a

The cross-section aa/X in (3.248) may be expressed by:

Ta/X = T (d +dx)= _[(a) + (c) j m, 2  (3.251)

Here dm is the diameter of molecule m (m=aX). In Table 3-I, measured

values of am and (oc)m for some selected molecules are listed.

If the probability of exciting vibrational level i during a

collision is designated by poi , the number of i-exciting collisions is

given by:

d'No = - pai n (h) n excitations (3.252)
vX Ca na(h) x

dt d(Vol) sec * m3

Similarly if the probability of deexciting an excited level i during a

collision is poi , the number of i-deexciting collisions is given by:

-
tN -A

0 +~ () (i deexci tatlons

dt d(Vol) I a/e a/X aio ae m Sec
(3.253)

Here AO. Is the total spontaneous photon emission rate (sec"I) for state I

(see Vol. II), and (nX)i Is the density of excited exhaust molecules.
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Now according to statistical mechanics, one has (see section 5.3,

Vol. II):

Pi wIep(ei /kTa) ____ iep-I v

Pio C.)] [ki Ta ea Za

(3.254)

Here w. and e. are the weight and energy of level i, and the product is over

all the normal vibrations a of the molecule. Then if we define the collisional

deexcitation cross-section a* by:

a*= m io a/X )m (3.255)

and use the steady-state condition which requires that the excitation rate

equals the deexcitation rate:

d2 N . d2 N=i - (3.256)
dt d(Vol) dt d(Vol)

we can solve for (nx) 1

-•-- (x~ =l£alX "a nah nx II

F ~ (h) n iFV e1]
aI *x a x x eA. +a na(h)J[w I (eX '-

S•:" ~i lexc ited molIeculIes X
m3 (3.257)

The radiant Intensity due to the emission of photons of energy hv

is then given by:
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E d2j 1F dA. 1
dvdIo)AT (hv)1Tr(v))I~Ž '5*t ....... (nX~ 0.5272 x 1010ndv dfVol)JATMP d

v Tr(v) Fi fij nV Aa* nh) 3
(THz) IJ(THz) a/X

(vxp- exp-s (3.258)
[CP\ )]LI ~I CP\Ta/j THz . ster. m3

Here we added the usual atmospheric transmission factor Tr(v) and view factor

F V/(4rr), and we made use of the relation (see Vol. II):

dA. - Af "tv v WAV ) , H z - (3 .2 5 9 )

j ij

A0.
fIJ (3.260)

AO ij

The total radiant intensity dJ/dv from a cloud containing Nx exhaiust molecules

is of course also given by (3.258) with nX substituted by NX

In applied rocket radiation observation work, one needs a relation

for NX in terms of other rocket hardware and trajectory parameters. The

amount of exhaust deposited in the atmosphere by a rocket which will be in

the field-of-view of a sensor, Is given by:

NX = fnX d(Vol) = 6.023 I0gx 0 9 Ts molecules , (3.261)

Vol )

196



June 1974 FTD-CW-01 -01 -74
Vol. I.

where for TTO (= target tracking observations; see section 3.1):

Ts = t H(t -t) + t H(t-ts) H(tb-t) + (ts+tb-t) H(tb+ts-t) H(t-tb) , sec

(3.262)

and for ICO (= integrated cloud observations; see section 3.1):

Ts H(tb-t) + tb H(t-tb) , sec (3.263)

(ICO)

Here H(x) is the Hec-.lside unit step function defined by Eq. (3.166), and:

Ss S (3.264)ts - Vv s In• - Vv sin I ne (o.

tb = Rocket burn time, sec

e = Field-of-view angle, radians

01 =Angle between line-of-sight and rocket vehicle

trajectory, radians

IF S = Distance between rocket exhaust cloud and sensor, m

D = Se = Effectlie diameter of sensor field-of-view at
5

the cloud target, m

"V = Rocket vehicle velocity, m/sec
v

With Eq. (3.261) substituted in (3.258), we obtain for atmosphere-pumped

exhaust cloud radiation:

19
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(dJ) = 31.765 W v Tr(v) F

dv TMP (kg/s)(THz) v

i j 'J(THz)

exp/ hv.A\ flWatts (3.265)

"L - ,- / $' THz. ster
Ta

or in terms of wavelengths X

('dJATMP 2.8549 X 106 Tr(X) Fvk-1)TPX3v
(pm)

[e.-. .Ix -,<f7I ste,,r

SHere we abbreviated for convenience and:
T1  + i(Ta/X)V 327

0--
T • s ec (3.267)
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T[a/X cr n8(h)] s sec (3.269)

The kinetic velocity %/X In (3.269) is given by:

(28.3 + M~Xtl/2l/mse(320

%/X gt 19.6 MPX Ta , /sec (3.270)

while a•, 0 a/X which was given by Eq. (3.251). Thus if the atmospheric

molecular density na(h) is known, (Ta/X)i can be obtained from (3.269). The

radiative decay time T. = P A) can be obtained from the tables and relations
iI

given in Volume II for a particular molecule X and excited level i.

An inspection of (3.265) or (3.266) shows that the two most

influential altitude-dependent parameters in these relations are the air

density na(h) (which enters into Ti* via Eq. (3.269)) and the ambient tem-

perature Ta = T a(h). SinceTa Increases with altitude, one can expect ATMP

radiation to increase as a rocket rises upwards through the atmosphere. At
the higher altitudes however ri* since na - 0 and thus ATMP radiation

will rapidly approach zero at higher altitudes. Because of the counteracting

effects of Ta(h) and na(h) with altitude h, ATMP radiation goes through a

peak usually at altitudes between 150 to 175 kilometers.

Although ATHP radiation :s weak compared to ABCD and tORE

radiation because the cloud Is more diluted than the plume, it has persistence

which the other two radiation mechanisms do not possess. Thus If a rocket

ceases to thrust and the slowly expanding stationary exhaust cloud is

c..erved that was left in the atmosphere by the rocket (rather than following

"-199
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the moving rocket), one would observe a slowly decaying weak radiative glow

in the infrared from this cloud. The water-band radiation from these

exhaust clouds should be very similar to that from high-altitude rainclouds,

but for the carbon-dioxide emissions there would be no comparable nature-

made phenomenon except perhaps the high-altitude clouds produced by volcanic

eruptions.

If an exhaust cloud is dumped alrve an altitude of 130 km during

daytime so that it is illuminated by the sun, the solar UV (see section

3.3.7) will dissociate the exhaust molecules. For ICO observations, the

parameter Tr given by Eq. (3.263) must be replaced in this case by:

T sx TX I - exp-(---)}H(t b- t) + I - ep

( 135 km) d dd
day t ime

L Tx dx. ( t ~ H t-tb) J sec (ICO) ,

(3.271)

while for TTO observations of exhausts under solar UV illumination, ¶ ins

Eq. k3.262) must be replaced by:

( sX = TXd I - d H(t-t) + I exp-

day time

H(t-t) H(tb t) + (I - ex\ b~ / Ixp( -/
Xd 'Xd

H(t-tb) H(tb+ts-t)] , sec (TTO)

(3.272)
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Here TXd is the photodissociation decay time for exhaust species X (listed

in Table 3-7, section 3.3.7) and t5 was defined before in (3.264). The

time t (seconds) is the elapsed time since rocket burn initiation, and tb

(seconds) is the rocket burn cutoff time. From Table 3-7 one finds that

most common exhaust species with the exception of CO2 will experience sig-

nificant photodissociation under solar illumination above 135 kilometers

during typical observation times. Note that TsX participates in the

summation over species X and thus over I in Eqs. (3.265) and (3.266).

3.3.6 Solar Radiation Scattering by Particles (SOSP)

The incident solar spectrum near the earth was shown in Figure 2-4

(see also Figures B-7 and B-8 of Appendix B). It is clear that the illumi-

nation levels in the visible are high and that space clouds and plumes can

be observed if the cloud scatters or reflects the radiation significantly.

As mentioned in Chapter 2, only solar photon scattering by

particles (if present) in a rocket plume gives significant signals. The

Rayleigh scattering of solar radiation by gaseous exhaust molecules is so

weak that it can hardly be observed In most practical cases of interest.*

The question of whether or not visible scattered radiation can be observed

thus turns to whether or not the exhaust has solid particles. Solid pro-

pellants are known to exhaust micron-sized particles of A/t203 0 MgO, and/or

BeO (see Refs. 17, 18), while liquid rocket exhausts may sometimes contain

small quantities of solid carbon or soot. In addition H 20 , which is present

in both liquid and solid rockets, can freeze out at the lower altitudes

S (0 h * 94 km) where the ambient temperature is below 273 °K (see Fig. 2.5).

*It is Insignificant also when compared to solar ultraviolet absorption and
reemission in the visible (to be discussed In section 3.3.7).

201



FTD-CW-01 -01 -74 June 1974
Vol. I.

Aside from scattering, at altitudes above 130 kilometers, solar

illumination produces also visible radiation due to solar ultraviolet absorp-

tion and visible reemission by exhaust molecules which will be discussed in

section 3.3.7. Whereas the latter produces visible radiation with a spectrum

that is characteristic of exhaust molecules and their dissociation products,

the particle-scattered solar radiation has essentially the spectrum of the

sun. The scattered solar spectrum may be modified slightly due to M!e

scattering resonances at certain wavelengths, if all particles were spherical

and had the same diameter. Since the actual particles in an exhaust cloud

are not exactly spherical and have different diameters, the spectrum-modifying

effects due to Mie scattering resonances at certain wavelengths of the solar

spectrum are smoothed out considerably and hardly noticeable.

The exospheric solar illumination in the vicinity of the earth in

the visible (VIS) and near-infrared (NIR) part of the spectrum may be

approximated by the expression:

-- s 8.20x 10 Is Watts (3.273)
VIS/NIR) 5 (2440' ' m2

(vsNR exp•---- 1] - I•n

where X is the solar photon wavelength in nanometers.* The visible solar

radiation scattered from solid exhaust particles of a rocket exhaust is then:

dJ 8.20 X I0's s Watts
d-X- 4-- 40) C pi i Cp (0•s) s ter.- nm '

*Partlcle-Scattered Xs 1exn(p ' ti

Solar VIS/NIR

*I nm = I nanometer =109 meters = 10 Angstroms
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where W is the rocket's mass expulsion rate (kgm/sec), X is again the

wavelength in nm, and where T, is given by Eq. (3.262) or (3.263)'presented

in the -revious subsection 3.35. The parameter ) is the mean
P. s

photon scattering cross-section which we shall discuss further below, while

the specific particle production factor C "in (3.274) is given by:P1

gP M particles p.
C = i01 I Pia (3.275)

in which:

gp = Moles of condensable species I in exhaust, moles/kgm

M = Molecular weight of condensable species i, a.m.u.

Pl = Density of solidified species i, gMs/cm3

d = Mean particle size of species i in exhaust, pm

The wavelength-averaged and particle-size averaged scattering

cross-section for visible light ' (0 ) (in units of m2 ster"1) for the
P1 s

particles of species I depends on the mean wavelength X . the mean particle

size d, ) the chemical nature of the particle pi 0 and the particle surface

quality. This cross-section is furthermore dependent on the solar photon

scattering angle 0 or the sun-cloud-observer angle Is = - Ps

The most Important condensables In rocket exhausts are H20 and

A M,203 . For H2 0, we have PH 0 = gm/cm3 and MH 0 = 18 a.m.u., so that:
2 2
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C 1 l.80X 10131 911H2 0 H2 0 particles (3.276)
H2 H2 0 ' kgm

For Al203 we have pA 203 7 3.5 gms/cm3 and MAI/203 = 102 a.m.u., so that:

/ 2.91 X I0 g A203 At2 03 particles (3.277)

2 0 a2 kgm

Then Eq. (3.274) may be written:

dJ 2.386 x 1029 Ts

(dj L 0 - and H2 xScatexp( X5 1 0) -

Solar Visible

W 0 a20 00 S) 0.62 tfr 9H 0 CH 0(os) Watts+ (3.278)a3 ster. nm

AA 203 H20

where tfr tfr(h) is the mole fraction of H20 in the exhaust that has

frozen out.

In Figures 3-14 and 3-15, the dependences of H20(H s ) and ah U2 0(05)
2 2

are shown as a function of iicident wavelength, particle size, and scattering

angle . Measurements of the %ize of AA203 particles produced by solid

rockets are shown in Figures 3-16! through 3-18. One finds that for rockets

with expansion ratios .a- larger !than 1, which is almost always the case of

interest, one can use the empirical relation (see Figure 3-16):

*The curves show an index of refroction for AA203 of m= 2 (curves with m=2
were readily available), whereas! in the literature a value of mf 1.67 Is

reported for AA203. Since the ckoss-sectlons are subsequently averaged
anyway, this discrepancy is of Ijttle consequence.
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d, -,25 12 D03, p~m (3.279)
A.0.32 03 t(meters)

where dA 203 is in pm and the nozzle throat diameter Dt is in meters.

Whereas the mean diameter for' A.2203 particles is independent of

altitude, this is not the case for H20. The average diameter dH20 depends

on altitude (primarily via the ambient temperature) and on the presence in

the exhaust of other nucleating particles such as A1203 for solid rockets

and C (soot) in liquid-fueled rocket exhausts. Similarly the freezing

fraction fr depends on the altitude and the presence of other particles.

In general, condensation of H2 0 can occur only at altitudes between 0 and

94 kilometers where ambient pressures and temperatures favor the condensed

state of H2 0 (see Figure 2-5). If conditions are favorable, condensation

occurs several kilometers downstream from the nozzle exit where the exhaust

has cooled down and after it has experienced afterburning and collisional

deceleration.

If AU203 or C particles are present in the exhaust, a good portion

of the H20 will freeze out on these particles, particularly at the higher

altitudes (68 _ h < 94 km). If these nucleating particles are not present,

the H2 0 will freeze out very slowly and a good fraction will remain in the

vapor form because of expansion and diffusion of the H20 to density levels

that are too low to favor condensation.

At altitudes above 94 kilometers, the H2 0 in the exhaust will

remain in the vapor state due to the vapor-favoring ambient temperatures

and pressures (see Figure 2-5). In deep space where a vacuum exists, the

H2 0 density will always be too low and the temperature too high to sustain
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condensation of hot H20 exhaust molecules. Even if dumped as a liquid, H20

will first freeze but then evaporate very slowly if released in the earth

shadow (due to earthshine), or quickly if illuminated by the sun (due to UV

).sorption).

Because of the above-mentioned complications, it will be necessary

to make some simplifying assumptions regarding the formation of ice particles,

if excessive (and uncertain) calculations are to be avoided. We shall assume

an average H20 particl3 size of:

dH 2i0 P 2 11m , (3.280)

and it will be assumed that particles can exist only at certain altitudes

determined by Figure 2-5. Although ýfr(h) will in reality have values between

0 and I at the altitudes where liquid or solid H2 0 particles can form, we

shall assume for the H2 0 released from rocket exhausts (see Figure 2-5):

tfr(h) = 0.6 0 < h < 44 km (3.281a)

tfr(h) = 0 , 44 < h < 68 km (3.281b)

rfr(h) = 0.6 , 68 < h < 94 km (3.281c)

tfr(h) = 0 , h > 94 km (3.281d)

The formation of these condensed H2 0 particles will further be

assumed to occur several plume diameters downstream from the rocket.
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For the solar visible spectrum, the mean wavelength is X - 5500

Angstroms. Taking d 2 pm and assuming d 8 Pm*, using Dt- 0.25 m,
H 0U2 03 t

which applies approximately for many large rockets, we find from Figure 3-14

that:

,16 m2

H 0Os 2.2 x 10 ster (3.282)

2 3 0P T) 3.0 ster (3.283)

From Figure 3-15 we can then obtain an estimated curve-fitted angular

dependence for the cross-sections:

0H20 s) = 2.2 x 0"[ 1 5 + 0.057 (Os- 0.00384 m)1 s r2.

(•:0.55 pm;_
2 pm

and:

o ~ := 3.0 x ,o"C 12 + 0.057 (Os - 0.00384 52)(a 5 3.0 X' ster (3.285)

(X = 0.55 Pm;.

= 8 P~m

where 0 < s < 1800, and s is measured In degrees. For lack of better

experimental information, we shall assume Eqs. (3 ?84) and (3.285) for the

average photon scattering cross-sections of H2 0 and Al203 particles.

Substituting the above results In Eq. (3.278), we finally obtain

the estimate:

*Average diameters of soot (C) particles in rocket exhausts (If present) are

'are about ac = 0.1 pIm. Modern rockets produce very little solid C however.
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f.-dJx Jo[ s15- o.n57 ($s - 0.00384 )
AA10 and' H0 X Sexp---) - I

SOSP

Tr(X) F (g + 0.0292 ) Watts (3.286)v 9A,203 Hr 920 ster nm

where the scattering angle $s is measured in degrees and is related to the

sun-cloud-observer angle TIs by Is = 18C° - Os; gA, and 9H2 0 are the

number of moles of AU2 03 and H20 in the exhaust per kilogram of exhaust; tfr

is given by Eq. (3.281); W is the rocket's mass expulsion rate in kgm/sec,

4'd Ts (seconds) is given by Eq. (3.262) or (3.263).

Instead of the scattering angle Ps , it is often more convenient

to express (3.286) in terms of the sun-target-observer angle TIs = 180 -$

degrees. We obtain in this case:t

(I1- 0.02165 (Is- 0.0101 1)]

\ Ad AA" and H o0 ' ( i2440 -
203  2 expi•) -J

SOS P

Watts
Tr(X) Fv W's .~ 0 + 0.0292 9fr 90 "ster* nm (3.287)

In Eqs. (3.286) and (3.287) we have added the atmospheric transmission factor

Tr and the view factor F to account for cloud shapes other than spherical
v

ones. Summarizing the units of the various parameters In (3.286) and (3.287),

j we have:
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Sun-target-sensor angle# degtees

= Photon wavelength, Wm

g9A2 03 gH20 Moles of Al203 and H20 in rocket exhaust
per kilogram of exhaust

ýfr = Freezing fraction determined by Eq. (3.281)

= Rocket mass expulsion rate, kgm/sec

S= Time (sec) parameter given by Eqs. (3.262)
s

or (3.263)

Because solid A.2203 particles do not dissociate under solar UV illumination

and condensed H2 0 does not form above 130 km where the solar UV is present,

we do not have to correct the parameter r 'for any solar photodissociation

effects.

3.3.7 Solar Ultraviolet Absorption'bnd Reradiation (SUAR)

At altitudes above 130 kilometers (see Figure 2-3c), ultraviolet

photons from the sun (if present) will excite and ionize exhaust molecules

causing subsequent emission of ultraviolet (UV), visible (VIS), and infrared

(IR) radiation. The ionized moleculeb will recombine with the freed elec-

trons very rapidly creating excited electroaic states. The electrons will

return to the ground state from these excited levels via a number of tran-

sitions to Intermediate energy levels with concomitant characteristic spectral

emissions of the neutral exhaust molecule. The same applies of course to

the directly excited molecular states. A fraction of the ionized molecules

will get excited a second time by the solar UV photons before they have

recombined with electrons. This will cause emissions from excited ionic

states of the exhaust molecules.
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In addition to excitation and ionization, many exhaust molecules

can be "predissociated" by UV photons, if the phot,lli energy lies above the

dissociation energy of the molecule but below its ionization level. One

or both of the fragments of the dissociated molecule (an then be in

an excited state and emit radiation shortly (within microseconds) after the

dissociation event.

As mentioned in Chapter 2, the sol,•r UV absorption by gases in

space is strong and considerable reradiation may be expectc: from this

mechanism. A number of experiments (Refs. 4 through II and 53) have verified

the importance of solar UV absorption/reradiation by gas cloi'ds' in space.

There is also some solar IR absorption and reradiation but thi cross-sections

are much lower so that even with the higher photon flux levels that exist

r in the solar IR (compared to the flux levels in the solar UV), the net

result is a much weaker emission compared to that produced by the solar UV.

From data on the solar spectrum shown in Figure B-8, Appendix B,

we find that the continuum solar energy flux and the photon number flux in

the UV in the exosphere can be approximated by the relations:

dH X< 300 nm) = dH 8.20 I0's Watts (3.288)

-"
exp -I

dX~ (244w

= U;X 0 nm,.3xl~ htn (3.289)
[I I I m'. sec'nni• •X exp } X

-9
where X is the solar photon wavelength in nm (I nm= I nanometer =10- meters).
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Sometimes it is convenient to have the energy and photon number

flux per unit frequency instead of per unit wavelength. In frequency units,

Eqs. (3.288) and (3.289) become:

dH101 x 6V 3  Watts

(UV; v > 1000 THz) 1.01 ) X - ' m Ttz (3.290)

dpY (UV; v > 1000 THz) 1.52 x 10I5 v'2  photons (3.291)
dv I ( v _ m2 sec. THz

Here v is the solar photon frequency in units of terahertz (I THz= I012 Hz).

The photon Flux and energy flux given by Eqs. (3.288) through

(3.291) give approximately the continuum radiation of the solar UV. At

wavelengths below 180 nm the solar spectrum has, in addition to the con-

cinuum, a number of intense atomic lines superimposed on the continuum as

listed in Table 3-2. The individual Intensities of these lines are many

times higher than the continuum. The most intense line is the Lyman-a line

of hydrogen at 121.6 nm, which has a peak intensity 250 times the value of

the continuum.

To account for the discrete lines we shall therefore multiply the

expressions (3.288) through (3.291) by the discrete liln parameter L(X) =

L(v), defined by:
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TABLE 3-2. SOLAR UV LINES BELOW I132 4.ýl)MtKTERS*,

Center Estimated Estimated Maximum
Element Wavelength, X Linewidth, AX Line Intensity,c c L I /I(nm) (nm). A m line continuum

max./

Si i' ) 181.72 0.10 16

SDoublIe t

Si n D1 180.76 0.07 8

Fe 1T, AA .11 166.76 0.06 6

C I 165.63 0.20 12

He 3l 1 163.87 0.06 6

C I 155.90 0.16 5

C IT ) 154.90 0.06 10
Doublet

C 33" 154.86 0.07 16

Si 3 Db) 153.33 0.05 5

DoSi ue 152.76 0.05 5

Si D) 140.12 0.05 7
Doublet

Si I33 139.33 0.07 15

135.47 0.04 3:I Doublet

0 ' 135.05 0.03 2

C n Doublet 133.57 0.20 50

0 I (2 Lines) 130.45 0.20 15

0 1 Triplet 130.05 0.08 10

Si TT 126.47 0.05 8

S I 125.88 0.08 5

N Y 124.19 0.07 5

NI' 123,90 0.07 7

*The data in this table were obtained from a spectrogram made during an
Aerobee-Hi Rocket Flight on March 13, 1959, by the Naval Research
Laboratory ("Sky and Telescope," March 1970).
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TABLE 3-2. SOLAR UV LINES BELOW 182 NANOMETERS* (Cont.)

Estimated Maximum
Center Estimated Line Intensity,

Element Wavelength, X LCnewidth, A, L Icc L- Ico
(nm) (nm) m line continuum(nm nm)max ./

H I (Ly o) 121.57 0.92 250

Si LU 120.52 0.09 80

N I '19.24 0.09 3

N I (1) 18.99 0.06 2

CIIT 117.38 0.11 35

N II 108.29 0.13 15

0 3I ) 103.43 0.14 .75
Doublet

0 1T 102.86 0.10 80

H I (Ly 0) 102.07 0. 14 90

N I 98.65 0.06 5

CIII 97.17 0.11 85

H I (Ly 6) 94.61 0.08 8

H I (Ly e) 93.34 0.07 4

0 •, in 82.95 0.09 5

0 Dul 78.58 0.05 2Doublet

0 T 78.46 0.05 2

(?) 77.61 0.05 2

(?) 76.66 0.05 3

(6) 62.48 0.05 8

0 Tz L .57 0.05 8

He I 58.18 0.05 8

*The data in this table were obtained from a spectrogram made during an

Aerobee-Hi Rocket Flight on March 13, 1959ý by the Naval Research
Laboratory ("Sky and Telescope," March 1970).
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L L(X) Lm exp-(0. 5 65" ) = Lm exp-( 0 5 6 5"X , if L(X) > I

(3.292a)"

L I , if L(X) < I

(3.292b)where:

Lm L,(X I(x)1 ine maximum (3.93)
m I (x) continuum

Values for L (X X , and AX are listed in Table 3-2.Value c C C

In Tables 3-3 and 3-4, the UV photon wavelengths below which the

various exhaust species are ionized, and the wavelengths below which molecular

species are dissociated, are listed.

Many exhaust molecules absorb semi-continuously at wavelengths

below the first electronic excitation wavelength X, . The atoms on the

other hand absorb continuously only for wavelengths below the ionization

wavelength. For many molecules, dissociation occurs nearly continuously

at wavelengths below the predissociation wavelength, or at least within a

broad band below the predissoclation wavelength.

Most molecules will not dissociate however for wavelengths starti6hj

somewhat above the Ionization value down to values of X far below this level

*If Lv A) and Av /v << I as is the case here, we have hv /v = -Ac/X and
c c c c cc C

thus c= - c 2  c

AV /V c Zc' c
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TABLE 3-3. ABSORPTIVE ELECTRONIC IONIZATION, FXCITATION,
AND PREDISSOCIATION WAVELENGTHS (FREQUENCTES)

OF ROCKET EXHAUST SPECIES

Ionization First Excitation Second Excitation

Atom X V Xion V v XI%

(nm)* (THz)** (nm)* (THz)*- (nm)* (THz)**

'1  91.1 3290 121.57 2466 97.1 3909

0 91.0 3300 135.56 2210 130.22 2300

N 85.3 3520 120.07 2500 (112) (2680)

CY1 10.0 2725 296.72 1011 165.7 1812

C 95.5 3140 138.98 2160 134.73 2227

F 71.1 4210 97.65 3075 95,48 3142

Ionization First Excitation Predissociation

Molecule Xion Vion XI vI Xpd vpd

(nm)* (THz)** (nm)* (THz)+* (nm)* (THz) *

H2  80.7 3720 109.0 2750 88.7 3381

630.0;N-** 476;***
02 99.2 3023 296.2 lOll 144.0 2080

N2  66.0 4450 144.3 2078 126.4 2373

C2 97.0 3095 258.0 1162

OH (168) (1784) 308.6 972 (268) 1128

CO 88.0 3410 200 1500 125.0 2220

HC.U 89.9 3338 227.2 1320 230.0 1303

NO 130.4 2300 230.0 1303 (220) (1363)

A)CA (90) (3337) 261.4 1148

H2C 98.6 3042 186.0 1612 184.9 1622

CO2  89.9 3340 175.0 1713 (80) (3750)

-9
*1 nr = I nanometer = IC meter

**I1 THz I terahertz 1012 Hz

***These are first-order forbidden transitions with respect to the
ground-state.

2I

i 220



June 1974 FTD -CW-01 -01 -74
Vol.I

C
0 +

*5' ,4 0 0 0 0 0 0

0 s '0 in 0oi.- 0 0 -4 0
v) c 0 r l N N Pt) 00 c

In.. I- I
LU

-j

I- -M
0

'cc
-M to N 04 0 N N

LLi . e . .. a

0- 04 a r- N~ cc N Go K 4 f.-.
LU 04'.- N W ) N04 N 04 NQ N

C4) =.4-- -

0~j 0 m ) 0

LIn

1-1 8'0

4-i %t

z Ln 0% K) 0%U
LU vi " r.' ) 0% 4 N

0

+ + + + + + .+ ++ + +

LUU

N C1N

K 221



FTD-CW-01 -01 -74 June 1974
Vol. I.

in the ionization continuum. Thus although ionization energies are higher

than the dissociation energies, the molecule will remain intact if the energy

of the interacting photon is high enough for ionization to occur.

When photon absorption by molecules results in molecular

dissociation, the dissociated atoms will radiate away part of the excitation

energy at their own characteristic a0omic frequencies. The dissociated

atoms of a molecule may recombine sometimes with the emission of a photon

(e.g., CO + 0 - CO2 + hv). However usually most molecules in a hlgh-altitude

(h Z 140 km) exhaust cloud will remair dissociated once this event has occur-

red. As we shall see, the rate of dissociation of most exhaust moleclues

except for CO2 , H2 , and N2 is reasonably fast. It takes for example ten

minutes for 90 percent of the H20 in an exhaust cloud to dissociate, but

abouth thirty hours for 90 percent of the N2 to decompose (see Table 3-7).

In Volume II of this handbook, expressions are given for photon

absorption cross-sections for atoms and molecules resulting in excitation

oi" ditsociation, while Appendix G gives expressions for photo-ionization.

In the following, photoionizatlon will be considered first. From Appendix G

we have for v ; vion that:

2?H~ -. v 5/2 ~ , 3/2
i22 H(v -%ion) Vion -ion 2

izCff -0 X 1 0.087 k '

(3. 294)

Here H(x) is the unit step function, Z is the effective charge, and v.
eff ion

is the ionization frequency of the outer eiectron shell of the molecule (see

Tables G-I and G-2 in Appendix G). Thus for Wx kgm of exhaust m3lecu!es X

22
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with molecular weight MX , we have for the ionization rate in the exosphere

using Eqs. (3.291) and (3.292):

d [Ionizations of X] 6.025 x IQ26 WX f d v y
dt 6.025 ]- ion(v) dv

(h Z 130 km) V= ion

6.48 x 022 WX Vion Lm( ion) (ion ionizations (3.295)

MX Zm2 exp "123 ' secondX eff

where L m(Vion ) is usually Lm(Vion) = 1, unless the ionization frequency of

the mo'e~ule under consideration coincides with one of the strong discrete

lines listed in Table 3-3 for which values of L are listed. In performingm

the integration over v indicated in (3.295), we approximated Eq. (3.291) by:

S2 5 2 / xp photons (3.296)dv 123, m 2. sec .THz

which is almost exact in the frequency region of interest (v • 1000 THz).

At altitudes below 130 kin, atmospheric attenuation of UV radiation

must be considered. Using the approximate relation Trs(X,Bs h)- Trs(ves)h)

* =for high-altitude solar transmission given in App.indix H, one has instead

of (3.295):

d [Ionizations of X] = 6.48 x 1022 WX Lm(ion) ion

Sdt mX Z2
: Xeff

S )ex- Ion ionizations (3.297)

s ion e I- /' second
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where:

1/1/2)

S S (as hpv f I (h Vl/n 0.087
Ss s S ion 112., Tr(8hv) -

"v =v ion

exp- ion dv (3.298)
exp-~~123

Note that in the exosphere where Trs = constant = I1 the integral

(3.298) may be evaluated approximately by assuming the slowly varying factor

{(%;ion/V)-1/2 - 0.087 (v ion /V) 1/2 to be constant in comparison with the

rapidly varying factor exp-[v-vion )/1231 in the integration, and evaluating

the slowly varying factor at V = Vion . If one does this (with Tr I),

S = 1. This is the approximation assumed in (3.295).s

If Trs(s,h,jv) is assumed to have the altitude and frequency

dependence as assumed in Appendix H, the integration (3.298) is best carried

out on a computer. A reasonably fair analytic approximation to the integral

(3.298) may be obtained however as follows. First we appro. ,iate:

-ln1/2 io 1/2

s )(-io) - 0 . 0 8 7 -V- ,on

I VI
' ionV on/ Trss(8,h,v) exp- dvf1 123/

V V Ion

I(V -V10on
12-j3 - Tr (O 5 h~v) ex 123 dv (3.299)

V = Vion

Ion.
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Now the frequency dependence of Trs(eshv) varies moderately slowly over

the e-folding range (v -Vion) = 123 THz of the exponential factor

exp-[(v-v on)/123) in (3.299) as may be seen by inspection of the various

! m:Iý:-lssion factors given in Appendix H. Therefore as a coarse approximation,

we may take Trs(Os hv) outside the integral sign, and write:

S Iion) exp-..( ion dv = Tr(a. h.v = v

s 123 f I 123 s1
V= Vion (3.300)

Each ionization event as given by (3.297) is eventually followed

by an electron-ion recombination event. If in the ion-electron recomb~nation

process, radiation due to transitions from free electron states to bound
I electron states are neglected (the so-called Bremstrahlung), arid if it is

further assumed that most electrons are captured into one of the many upper

(near the ionization level) electronic levels of a molecule (or atom) and

that they all cascade back to the ground level through the same one, two,

three, or more electronic levels of the molecule, one can write:

F d (Ionization) , b(V, V j -

,dJ Fv Tr(v) hvd dtan
\dr/SUAR Aidt !LdLAd

Ion I z.

-3 F v brv e v .., v..
"= 3.42 x 0 W Fv v Tr(v) f j i

(kg/s) (THz) J (THz)

si Ion ion I ion WattsiZ Vion 12:5 12 stor- TRz

oeff (THz)

(3.301)
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Here V, v and Av.. are all In units of THz (= 1012 Hz). The usual view

factor F and atmospheric transmission Tr(v) have been added also in (3.301)

for completeness.

Explicit expressions for the line or band shape function

be(VWAV ij tvij)/Av ij of electronic or vibronic transitior, .re given in

Volume II of the Rocket Radiation Handbook for various types of molecules.

The summation over i in (3.301) is over all molecules X with excited elec-

tronic levels i through which the recombined electron cascades in returning

to the ground level, while the j are the levels to which a level i can relax.

The weighting factor f['. in (3.301) is composed of two component factors,

that is:

A? .
f' f IJ - (3.302)

ij [rci fij f rci E V.(."
IiJ

where A°. is the electronic spontaneous emission rate for which explicit
ij

expressions are given in Volume II, and where frci is the probability that a

recombining electron w,ill follow a ground-level-returning cascade that passes

through level i. If after recombination only one cascade is followed always,

frci = I, but if say 30 percent of the time cascade A is followed which passes

through level i. and 70 percent of the time cascade B results which includes

another level k, we have frc 0.3 and frck = 0.7 of course. Theoretical

and experimental data on the factors frc are ,'are and difficult to obtain
rci

and for lack of any knowledge one often sets frci Iý, and thus [

In Eq. (3.301) we also used che relation:

W xS= 0.001 ex , moles (3.302)
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where W is the rocket mass expulsion rate in kgm/sec, gx g, gives the

moles per kgm of exhaust species X and r- T is the effective average

time the exhaust sDecies X dwells in the field-of-view of the observer.

For TTO (Target Tracklnq Observations) TsX is given by Eq. (3.272), while

in the case of ICO ý11,-tc- ed Cloud Observations) observations, Eq. (3.271)

should be ,ised.

Often it is convenient to express the radiant intensity in terms

of wavelengths X instead of v. In this case Eq. (3.301) changes to:

__J F_ ( v Tr(X)\ b b(X,.~.Ac SJ 2.7 " v7 x
SUAR X d UARnm) Ii j J (T /
Ioniz. Ioniz.

i•j gi si Lm( Xion) Tr s(esG i ion) (2437 Watts

x2 M ster. nm
ieff ion(nm)

(3.303)

Here X and ix, are in nm (nanometers) and Av. . is in THz.,on ij

The emissions i in Eq. (3.303) are a series of characteristic

temperature-and-pressure-broadened lines for monoatomic exhaust species

(X = H, CA, 0, etc.), and a series of rotationally-broadened vibronic bands

for the case of molecular exhaust species (X = CO2 , H2 0 , CO, OH, HCA, etc.).

Center wavelengths, X of some of the stronger transitions that have been

observed are given in Tables 3-5 and 3-6. Clearly, the SUAR radiation

spectrum (3.303) provides a characteristic spectral "fingerprint" of the

exhaust species, in contrast to SOSP radiation which only transfers the
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TABLE 3-5. MAIN ELECTRONIC EMISSION LINES OF EXHAUST ATOMS IN THE

UVIS REGION OF THE SPECTRUM (Data from Refs. 51 and 52)

Transition Relative Relative
Atom Wavelength Intensity** Atom Wavelength

%'ij (nm)* % ij (nm)* Intensity*

i - 0 i -,0

H 97.4 5 C 155.8 5

102.8 7 165.7 7

121.6 I0 247.9 5

I-41 C+ 133.6 10

434.0 4 426.7 5

486.1 6

656.3 8
1--0

i 0 N 119.8 2

0 130.1 8 i j

135.6 8
409.9 2

f-0O411.0 
5

297.2 1 444.7 3

i .j 493.5 3

394.7 2 N+ 108.3 7

436.8 2 566.7 5

533.6 2 568.0 5

615.8 3 I-"j

777.2 5
CU 479.5 5

0+ 41,.9 4 481., 5

464.9 4 48. 4

-j = Non-ground state connected transition.
I -. I = First excited state connected traiisition.
i -- 0 = Ground state connected transition.
f - 0 - "Forbidden" ground state connected transition.

"•These values are rough estimates.
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TABLE 3-6. MAJOR VIBRONIC EMISSION BANDS OF EXHAUST MOLECULES IN THE

UVIS REGION OF THE SPECTRUM (Data from ReFs. 46, 47, and 48)

Wavelength Relativ Wavelength Relative
Molecule Region of Rntite Molecule Region of

Band, (nm)* IntensitY* Band, (nm)* IntensityiH*

H 20 130 - 140 H2 406.7 - 421.3

161 - 178 449.8 - 508.4

569 - 574 519.6 - 642.8

588.6 - 594.1 716.9 - 725.3

649.6 - 654.4 752.5

694.4 - 701.6 816.5 - 835.0

713.6 - 790.2

CO 200 - 280

OH 260.8 - 262.2 3 283 - 280

267.7 - 269.1 2 412 - 662

281.1 - 282.9 6

287.5-- 289.3 3 CO2 287.4

294.5 - 296.2 1 303.4 - 316.5

302. I - 308.9 10 324.5 - 328.4

312. i - 312.6 1 337.0 - 340

318.5 - 320.9 1 350.3 - 356.6

342.8 - 347.2 2 362. I - 369. I

386.4 - 388 376. I - 389

421.6-- 423 396.1 - 416

433.7 -- 435458.7 - 460 C02 + 288.3 (sharp)
458.7 - .460 289.6 (sharp)
4 /73.0 -- 474

495.7 - 497 HCA. 198 - 237.5

512.3 - 514

548.0 - 550 HC.t-,+ 283 - 396.6

OH+ 356 - 360

*The center wavelength X of the electronic transition is approximately

in the middle of each band.

**These values are rough estimates.

229



FTD-CW-01 -01 -74 June 1974
Vol. I.

solar spectrum (except for possible secondary spectral effects due to

particle-size-related Mie resonances).

Before concludihg the analysis on ionization-produced SUAR

radiation, one additional comment is in order. If a cloud of atoms with a

low ionization potential (e.g., Cs, K, Na, etc.) is released at high alti-

tudes, the rapid electron recombination that was postulated above does not

apply. In this case it is possible (see Ref. 5) that the earth's magnetic

field will force ionized atoms out of the cloud of neutrals with the result

that two separated space-charge-balanced clouds are formed, one containing

neutral atoms and electrons, and the other ions. The ions are also excited

by solar UV (see below) and one observes characteristic spectral cmissions

(e.g., blue) from the neutral cloud that are different from the character-

istic spectral emissions of the ion cloud (e.g., purple). It is possible

to develop expressions similar to the ones given above for these special

cases (magnetic fields, etc., must be considered to determine the populations

in the ion and neutral cloud), but we shall not discuss them here.

In addition to ionization-recombination-generated SUAR radiation,

there is of course also SUAR radiation due to excitation (possibly followed

by dissociation). In fact the contribution from excitations in the total

amount of SUAR radiation usually far exceeds that contributed by ionization/

recombinations.

The cross-section for solar photon absorption (in the UVIS region)

is approximately given by (see Vol. II section 5.1):

-19 be(~ o Vi
0as~(a) 4.422 x w1 b (3.304)

2absx (ol)X 3AVO(THz)

+-•..wI~i•23 0
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where w. is the statistical weight of the electronic excited level i, and
be(Vi) viov) is the electronic transition shape function for which expres-

sions are given In Volume II. The band or line-spread Av. is in THz, as
I0

before. Equation (3.304) applies only for allowed transitions 0-- i (for
t

selection rules, see Vol. II). For first-order-forbidden magnetic-dipole

transitions, the cross-section is about 5 x 10 times smaller, while for

electric quadrupole transitions the cross-section is still smalle- (by a

factor of about 10-8 to 10"10)

Using expression (3.296) for the solar UV flux, Eq. (3.304) for

the cross-section, Eq. (3.302) for the amount of exhaust molecules under

observation, and approximation (3.300) to account for, upper-atmosphere

filtering of solar UV photons, one obtains:

dtc

V= 0

W v i Excitations X.
4.5x 1020 x X V Trs(as'h'v w 2! exp- second

(3.305)

Here we used the relation (see Vol. II):

I e'ij f(v) dv f(vij) (3.306)
f A\)

V= 0 ij

* Also note that voi vi , where vi is the frequency of excited level i.

The subsequent reemisslon of radiation due to sclar UV excitation

is then:
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-UA 2.135 x 1O.2 / F v Tr (v) L (v .) Tr (

VdJ) SUAR 135>Fv (THz) g. s L s T (

Exci t.

vi/)) b e i j )6Av .) Wttfj w v! e ij Wattsj I (T- i23 J(THz) ster. THz

(3.307)

Again, the view-factor F /4,r and atmospheric transmission Tr(v) were added

for completeness.

Rewriting (3.307) in terms of wavelength X, results finally 'n

the expression:

I-i

1SUAR x 1020 F' TsI L (X. Trs(ash,%.)

Excit.

(xp (24,37V~_fx- - be (X,x _!,j.) Watts
lj wi x2- ster- nm

! (nm) I v 'i TH

(3.308)

As before, si = TsX is given by . (3.271) and (3.272) for respectively

ICO and TTO observations. Note that for SUAR excitation the simple factor

f. applies, that is:

IAi
- (AU)e (3.309)

j ~ elc
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in contrast to the ionization-recombination case for which fj frci ` ff

must be used. Also it should be noted by comparing (3.308) with (3.303)

that excitation SUAR radiation is at least te1n times more intense than

ionization SUAR radiation, unless a special solar spectral line coincides

with v on so that L (Vio ) >> I.

In Eq. (3.308), only direct excitations i due to solar UV photon

absorptions and subsequent emissions from i - j transitions are accounted

for. The emissions from subseq;-cnt transitions j - k, k - A, etc., lower

down in the cascade are not included in expression (3.308). Usually this

omission is justified since due to the steep decline of the photon flux with

increasing frequency in the UV region, direct excitations of level j (lying

lower in energy than level i) are much stronger than direct excitations of

level i (which is at a higher energy) from which some additional population

of level j results due to downward cascading of i - j - k.

The only times that cascading contributions "from above" cannot

be neglected occurs whon (a) the frequency voi of the higher level i of the

molecule coincides with one of the special strong lines in the solar UV

Lpectrum listed in Table 3-2, or (b) if the level j reached in the cascade

i - j cannot be optically excited from the ground level o, that is if the

transition o - j is optically forbidden) but emissions j - k - o are allowed.

These special cases can be easily included however by adding to Eq. (3.308)

the following expression for such special levels J. which are populated by

0 cascades i - j. or i - p - q . ...... ji

* 233



FTD-CW-o1 -01 -74 June 1974
Vol. I.

d( 1.725× 1020 XW Fv Tr(X) '-k L (xi) Trs(OshXi)
T)S UAR \ i x3'~. Is gSW s 5

Excit.) () i k

exp-- ýý3 b e 0"X, ji AVb i(k Watts
w.{e"X!( ]j k AV e ster. nm

'(ni Ji (THz)

(3.310)

In most practical applications, once the exhaust molecules have been

identified) the levels can be established by consultation with the lItera-

ture such as Refs. 46, 47., and 48, and a determination can be made if any

special leve.. j, should be considered.

In addition to the special consideration of populations of excited

levels from "upstream cascades," one might also examine the possibility of

double- or multiple-photon up-pumping. However the probability for the

occurrence of such events is extremely small, since bc h the solar photon

flux density and the exhaust gas density are too low and lifetimes of elec-

tronic excited s. ates are too short. (Only with laser beams can double and

multiple absorptions be significant.) One may therefore safely ignore

two- or three-step excitations in a single (undissociated) molecule.

A different situation than the one just discussed can exist however

in the case that a molecule is dissociated by solar UV. For example H2 0 may

; dissociate due to solar UV absorption Into H and OH. The OH formed in the

dissociation is usually in a high excited vibrational level and not in the

ground vibrational state as shown In Figure 3-19. Because excited vibrational
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levels have much longer lifetimes (- 4 ms) compared to excited electronic

level lifetimes (-, I ps), it is possible for additional solar photons to

excite the OH to higher levels than would be possible under normal

circumstances if the OH were in the ground vibrational state to start with.

In Figure 3-19 for example, it is speculated that OH formed in

the dissociation of H2 0 by solar UV photons is left in the v :ý 3 vibrational

level. Additional solar UV photons (with X - 225 nm) then excite OH to the

B 2Z electronic level which decays to the A2E+ electronic level with the

emission of several strong visible bands. This excitation scheme is postu-

lated in order to explain the bright visible emission (Ref. 53) that was

observed during the lunar-injection-burn of Apollo-8 above Hawaii as shown

in Figure I-I. In the first frame of Figure I-I, the Apollo-8 vehicle had

just moved from the dark side to the light side of the earth and was illumi-

nated by atmosphere-filtered visible (but not UV) solar radiation. Only the

vehicle body which reflected this visible radiation is observed in this first

frame. As Apollo-8 became fully illuminated by non-atmosphere-filtered

solar radiation which included the UV, the exhaust gases behind the vehicle

(which contained H2 and H2 0) suddenly began to radiate very brightly in the

visible as shown in frames 2, 3, etc. Clearly, solar UV had to be the origin

of this new radiation which was absent in frame I of Figure I-I (see Ref. 53).

Now inspection of Figure 3-19 shows that non-dissociated H 0 would
2

reradiate in the UV. Similarly OH, if excited from i's ground state, would

mostly reemit UV from A2E+ _ X21I transitions. If only UV was emitted, thc

exhaust radiation could not have been observed from the ground. The

B 2E+ A2E+ transitions are In the visible however and can be produced by

assuming that the scheme shown by the dotted lines is operative as described

23
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above. Since visible radiation was observed, only the latter mechanism

could explain the observations.

The intensity of the observed visible radiation from the Apollo-8

exhaust plume is also orders of magnitude higher than could be explained by

assuming that solar radiation was scattered by the exhaust gases (Rayleigh

scattering). Scattering from frozen particles (see section 3.3.6) was

impossible since temperatures in the exhaust plume were too high to allow

any freezing there. Further, if scattering had been operative, one should

also have observed scattered solar radiation from the exhaust in the first

frame of the sequence shown in Figure I-I; but it was not.

In addition to the just-described H20 OH* + H case in which OH*

is generated in an excited vibrational level, the photodissociation process

cani sometimes also create electronically excited atoms. For example the

photodissociation of 02 in the exosphere (e.g. from LOX dumps; see Figure 1-2)

can result in the formation of atomic oxygen in the 'S and 'D excited levels

which are metastable but which do eventually relax (via magnetic dipole or

electric quadrupole interaction) to the 5P ground state with the emission

of sharp line radiations in the visible (see Ref. 9).

Photodissociation by solar UV occurs for many molecules at

frequencies that lie in the vicinity of the first allowed electronic excited

state. The solar UV photon wavelength betow which dissociation plus

dissociated radical excitation can occur is of course given by:

3 x 105
Xd*i vd(XY) + v (Y) , nm , (3.311)
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where XY is a molecule with atomic or .radical partners X and Y, and where Y

is the dissociated atom or radical in the excited state i. The frequencies

vd and v. are defined by:

v d V d(XY) Photodissociation frequency of molecule XY,

THz

v. v (Y) Frequency of excitation of atom or radical Y

during dissociation process, THz

The number of XY photodissociations and Y. excitation events is

clearly:

d [Dissociations XY] ' [Excitations Yi]

dt dt

cO (CaO ( ' k)"
abs L(v) dv sec per molecule XY (3.312)

Vk >Vd*k V=Vd*k

The summation over the allowed molecular electronic levels k at frequencies

v k can usually be replaced by an integration since the states k lie close

to each other in the region where dissociation can occur. Since the term

exp-(v/123) in the solar flux expression changes most rapidly under the

integrals, one obtains for(-the radiant intensity due to Yi reradiation

(converting all v's to X's via X = c/v):

(1. l725 X 10 20° v T()T L((dJ) SX n 'sk wk (d.)

(Photodiss. k i j

(+ Excit.

CeTxd(k) b(XXlipvlj) Watts
s s d*k (d*kdk JIj -AVJ z ster. nm

(nm) 3J(THz)

238 (333



June 1974 FTD-CW-0 1-01-74
Vol. I

Here the summation over k is over photodissociatable molecular species XY

that form excited species Yi , and Xdd*k is the dissociation wavelength for

molecule k. The parameter T sk= IsX is again given by Eqs. (3.217) and

(3.272) for respectively ICO and TTO observations, while fij is again given

by (3.309) and wk is the statistical weight of the dissociation-producing

electronic level of molecule XY.

The emission shape function b(XXij.,Av ij )/Av. is equal to a

doppler or collision-broadening line function (see Vol. II) in the case

that Y is an atom, or equal to a vibronic shape function (see Vol. II) if

the dissociation product Y is a multiatomic radical or molecule.

The total photodissociation rate zd is usually somewhat higher

than the rate given by Eq. (3.312) since for frequencies between Vd and

V d*I , radiationless dissociations can occur. The total photodissociation

rate is given by:

CO CD

ZX fo(Vv v) L(v) dV dv

Vk =vpd Vpd

6.72 x 10 Tr (a s,h,•v ) e ( p d sec"
pd d2pd 3w pd molecule

(3.314)

where L vd) is the value of any special solar line at a frequency equal to

or slightly higher than the pre-dissociation frequency Vpd = X X 105 /"pd

and wd is the sLdLibtlcal weight of tha electronic level Lhat leads Lo

dissociation.
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TABLE 3-7. DISSOCIATION RATES OF EXHAUST MOLECULES IN THE

EXOSPHERE UNDER SOLAR ULTRAVIOLET IRRADIATION

Ca lc u la te d D c y T m

Molecule X vpd Rate I

(THz)(sec

H 20 1622 3.31 X 10- 3 5.03 m**

CO2 3750 5.43 v !0"I0 58.4 y

CO 2400 1.30 X 10-5 21.4 h

OH 1120 9.36 x 10- 2  10.7 s

HU., 1304 2.84 X 102 35.2 s

NO 1364 1.91 X 0"2 52.4 s

02 2083 1.29 x 0"4 2. 16 h

2
N2  2373 1.58 x 0"5 17.56 h

H 3382 8.80x 10O 3.60 y

T = 1488 vd2 exp(vdi 123) , sec.

Ss seconds; m = minutes; h = hours; y = years.
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In Table 3-7, calculated dissociation rates and decay times
f

Td : I/zd are listed for exhaust species of major interest exposed to solar

UV in the exosphere (Trs= I). Because the various exhaust species have

different decay times, it is possible to identify a particular exhaust

molecule not only from the characteristic emission spectrum of its dissoc-

iation product species Yi but also from the radiation intensity decay time

of the line emissions of Y. . Thus a double check is possible which allows

one to distinguish between different'species with emissions in the same

part of the spectrum. For example an exhaust cloud of H20 will show emis-

sion lines from excited OH* at X = 306 ± 5 nm which decays at an e-folding

rate of 5 minutes, that is at the dissociation decay rate of H2 0 (the OH

dissociates faster and thus the H20 decay rate is controlling). Another

species with emissions in the 306 ± 5 nm region of the spectrum would

decay at a different rate.

3.3.8 Spectral Considerations

The total radiant intensity from a rocket exhaust in a certain

part of the spectrum is of course equal to the sum of any contributions in

I, I that region from any of the six main mechanisms discussed in the previous

sections. If only infrared emissions are of interest, CORE and ABCD are

the main mechanisms under daytime or nighttime TTO (= target-trackKig-

observation) conditions. In addition to CORE and ABCD, ATMP radiation

should also be considered If observations are made under wide fov angle and/or

ICO (= integrated cloud observations) conditions. In the latter case, it

is necessary that one specifies further whether the observations are made

at night or during the day since solar UV will dissociate the molecular

species in the exhaust cloud in daytime but not at night.
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For visible and ultraviolet (UVIS) emissions, ABCD, SOSP, and

SUAR must all be considered. )aytime conditions are essential of course for

both SOSP and SUAR. ABCD radiation in the UVIS occurs when the exhaust

velocity relative to the air is large which happens at take-off, at near-

orbital velocities, and during deorbiting retrofirings.* Of course ABCD

radiation in the UVIS can occur both at night and in daytime, but in day-

time the background radiation is usually stronger than any UVIS emissions

that are present so that ic is often not observed.

The total radiation from both CORE and ABCD may be conveniently

lumped into the ore formula:

(dJdA - 2.8549 X I10 F Tr(X,S,) • E E gi f

,ABCD+ i Tm) q
CORE

[ ,Av. ij exp- M exp- +

(THz) I qi

+ _b (XX.jA i j exp Watts1•I-T exp-
S(TT 2) kTa I pm. ster

(3.315)

Here c. = hv. is the energy level from which photon emissions take place,I I

which in general can be an electronic level, a vibrational level, or a

rotational level. Expressions for parameters such as TM 81 , and 02 were

given In sections 3.3.3 and 3.3.4.

*These emissions are primarily due to several vibrational combination bands

of H2 0 that emit In the visible (see Table 3-8). )
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As mentioned in section 3.3.2 in connection with Eq. (3.102), for

vibrational emissions one can sum Eq. (3.315) over all the levels of each

one of the rormal vibrations a (see Vol. II) of the different molecules if

emissions are observed in the strong Av = I emission bands, since one can

assume v..j 'of for all Av = v - v = I transitions. This assumption is
Ii •i oj

excellent, if one is not interested in fine spectral details. One obtains

in this case:

T-I

(dJ= 2.8549 x I01& F Tr(XSh) - - -
d A BCD + V T I1+ T -

CORE qa

(Infrared)
AVot

b V (X'X t ) AV 01 exp M 14,388 .
(THz)' -4 C1 I+ q(ctXv(O)Tbv (%'X' V 0 o ) 1 T e4,388.5," Watts

1 exp T ) 1

601(=Ta021 XOfT a ster. p

(THz) (plm)( 0 K)

(3.316)

The summation over ot in (3.316) is over the infrared-active normal vibrations

only. For diatomic molecules there is only one value for X , while for

triatomic molecules there are usually three different values* of X like in

9

*For H2 0X 1 4 X X=3 , but gc_,- 1 =2 9c=3 of cou.use.
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the case of H 20. However for linear triatomic molecules such as CO2 there

are only two infrared-active X 's since the third one is infrared-inactive

(see Vol. II).

If one is primarily interested in those regions of the infrared

vibrational spectrum where most of the radiant energy is released, one needs

only to consider the fundamental Av = I transitions, since the emission from

overtone transitions Lv - 2, 3, .... and combination band transitions

Av = E Av ;t I, are always much weaker than those of the Av = I transitions.

However if one is interested in special regions of the vibrational spectrum

where only overtone and multi-band transitions are active, the latter can of

course not be ignored. For such vibrational multi-band or overtone

transitions, Eq. (3.315) must be used and f. . evaluated, which was given byIi

Eq. (3.101).

For vibrational transitions, the radiative decay constant or

Einstein coefficient can be expressed by the general relation (see Vol. II,

Tables 5-I and 5-2):

A0 . = 2.6833x 0I 021 wV Ri. , sec , (3.317)Ij I 1
(Hz)3  (cm2 )

where the transition matrix R2  is given by:

iJJ

-ib ITT 2 0 I XV

(3.318)

in which:
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S 1, if V > V -I if v < vj (3.319)

F -2
M. -1/ , M§ 2 jv.- veI J a.m.u. (3.320)

L a
. 1/2 - 1 (3.32 i)I = Cy ai V a i

.(3.322)

Z. (V M 1/2 a5z (3.323)
zi ij ijxij II V /2 1 /2 /

viJ = (Va V )v 0 Hz (3.324)

The v and v are the vibrational quantum numbers of levels I and j

VI respectively of the normal vibration a. In (3.317), w is the statistical

weight of level j. If j is the ground state w. = I. The parameter x.i is

the transition-averaged anharmonic constant, M is the effective vibrational

mass of the transition i -, b Vlj is the frequency or the vibrational tran-

sition I - j, and z Is the transition-averaged first-derivative dipole-
I j

charge (see Vol. II, section 3.3) and Appendix B). The four parameters v
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M • x • and z are the fundamental constants of a normal vibration ol

Values of these constants for different molecules are given in Volume II.

For Av., = vo C- v" = I transitions, Eqs. (3.318) through (3.324)
i j

simplify to:

h z2

) = U (v + v + 1) , cm, (3.325)
I vib. IOTT, M V i aj

(Av I, )

Vij = V (3.326)

Mij = t (3.327)

z., = 2z (3.328)

S(3.329)

Thus for Av = I transitiors, the Einstein factor (3.317) is:

) • j 0.6095 X 10-4 wj(vj+ v + l)

(Av b I) ((cm-i)2 amu'l)

6098.6 w.(v + v + 0 sec-I (3.330)

(amu. pm2)
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where v is in cm I, 01 is in pm, and Ma is in a.m.u.

( atomic mass units).

In Table 3-8, the Einstein factors for the more important vibrational

levels of exhaust molecules are listed which give rise to infrared emissions.

For Av a I emission bands, the factor f.. f I since transitions i j with

Av I have As.. factors that are much smaller than the Ae. factors for
Ii IJ

Av : I transitions.* For example for the (V +3v 3) emission of H2 0 we have:

f,=vI +3v%3)- j 0
i ý\ 3 v + A v 33 + A01(. +3

= 3 A V1+ 3 3) 3  i1(vl+3V3 )'j=3v 3  1=(vl+3v3) j 0i~v1 I43v 3 ) i=+1A 0)-j=23 ="..

= 0.040472 (for H2 0) (3.331)

while for the (vl +v 3) emission of CO2 , one obtains:

A•=(VlV) -. j= 0

O(i=VI+V3) A0 =(v + A'i-.=(=(v1+) .3)
j ~ V ) j= i(\;I+V 3  j~ 0

0.007353 (for CO2 ) (3.332)

"Note here that in the (V +V3 ) case for CO2 , one has A=(l+) - j =v 3  0O

since v is not infrared-active. Also note that for the H2,0 case,

li A=(vI'-3v ) -" j='(v,-' 2V3 ) I=I(V 3 ) -J =0"
A O 3

*The fij = I assumption was also used in deriving Eq. (3.316).
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TABLE 3-8. FREQUENCIES AND EINSTEIN RATES OF THE MORE IMPORTANT
INFRARED-ACTIVE VIBRATION BANDS OF ROCKET EXHAUST MOLECULES

Band Band Einstein Factor

Molecule Vibration Frequency Waveiength E F
Band* I) .(m) A., (sec- ijIj.. (cm- ;k(iml

,j IJ

DIATOMIC

CO ve 2, 170 4.608 33.23 1

2V 4,330 2.309 1.9180 0.028048
e

6v ,6,485 1.542 0.8605 0.008557

OH Ve 3,735 2.677 15.51 1

2v, 7,465 1.340 ý.0772 0,331561

3ve 11,180 0.895 0.5684 0.012068

d4C1 Ve 2,990 3.344 7.591 1

2v 5,970 1.675 1.0363 0.063899
e

NO V 1,904 5.252 56.04 1

2ve 3,790 2.639 3.737 0.032267

HF ye 4,139 2.416 6.2

TRIATUe'II C

CO2 V2  667.3 14.986 2.04 I

V3 2,349.2 4.377 244.9 I

5v 2  1,932.5 5. 175 1.095 X 103 0.000i79

S+V 2,076.5 4.816 0.1151 0.053408

2v)+v3 3,609 2.771 0.3518 0.001413

V I+v3 3,710 2.695 1.8162 0,007353

4v 2 v 3  4,860.5 2.057 2.435 x I0"3 0.000299
2 -2
4,9+2v8-3 4,983.5 2.007 2.999 X 10 0.000120

2V +V 5,100 -961 0.3544 0.301447

*Ali listed transitions are to the ground state, that is j = U. For
transitions vov (v t-)v , that is for Av = I transitions not involving
the ground state, one has vA'= A. 0

Cj 1 I-0
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TABLE 3-8. FREQUENCIES AND EINSTEIN RATES OF THE MORE IMPORTANT

INFRARED-ACTIVE VIBRATION BANDS OF ROCKET EXHAUST MOLECULES (Cont.)

Band Einstein Factor

Molecule Vibration Frequency Wavelength fE n

Band* ..Vpm A2.c- x (sec I)

TRIATOMIC

H20 v 1 3.,651.7 2.738 95.289** I

1,2 1,595.0 6.270 22.225** I

V3 3,755.8 2.663 43.490** I

2v2 3,151.4 3.173 0.4124*** 0.0126

v2+v3  5,332.0 1.875 4.756 0.0675

2V2+V3 6,874.0 1.455 1.153 0.0129

V I +V3 7,251.6 1.379 20.422 0.1283

i+v2+\3 8,807.5 1.135 2.949***•* 0.0180

2Vl+V3 10,613.!2 0.9422 24.661 0.0953

3v 3  11,032.36 0.9064 6.241 0.0457

2v I+V 2+\v3  12, 151.22 0.8230 1.607 0.00623

V2+3v3 12,565.01 0.7959 3.606 0.02307

(NIR) 3v I+93 13,830.92 0.7230 7.263 0.02158

Vi+393 14,318.77 0.6984 9.522 0.04047

3v i+v 2+v 3  15,347.90 0.6516 1.089 0.00309

(VIS) v I+V2 +3v 3  15,832.47 0.6316 1.3A8 0.00541

3v 1+2v 2 +\)3  16,821.61 0.5945 0.144 0.00039

4v 1i-v 3  16,899.01 0.5918 6.858 0.01588

2v 1 +3v 3  17,495.48 0.5716 2.281 n.00705

*All listed transitions are to the ground state, that is j = 0.

*+For transitions v 0ev--(v•-I)Ova , that is for A90, I transitions not

involving the ground state, one has Aj = v A0  Thus for 2v

A I= x 95.3 = 190.6 sec " , etc.

*+W•For 3v 2 -v 2  one finds v =3110 cm" 1 , AO-= 1.696, f 3 1 = 0. 0 248; for

4V2 -
2 v 2 .... , etc.

'f-**For 1+2v+3-v+2+ , - 5.899 sec1 , fi.-0.0360.

1 2 3 223 J i9
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Table 3-8 shows also the H 0 combination bands in the visible

2

below 0.6516 plm = 651.6 nm. Though wLak, these bands are responsible for a

large portion of the visibly observed emissions of a rocket plume as a

rocket leaves the launching pad. In addition to the vibrational bands in

the visible, elec'.onic transitions with concomitant UVIS emissions can

also occur if the temperature in the Boltzmann factors of Eq. (3.315) are

high enough. Usually for most rocket6 T P 2000 OK, so that significant

amounts of electronic excitation cannot iccur in the Macli Core. However

(Tr)I - Ta I , used in the ABCD Boltzmann factor, can have values between

3000 and 6000 OK (due primarily to the M V2 term from CD) and at these

temperatures significant population of e'ectronic excited levels can take

place. The more importan,. UVIS emission bands of various exhaust molecules

were listed in Table 3-6.

For emissions from electronic transitik.ns as well as from

combination-band vibrational transitions, Eq. (3.315) must be used instead

of (3.316). Unless a cascade is well known, it usually is a rather good

approximation to assume that fij R I in (.,.315) for electronic transitlans,

and that the sum over i is over electronic levels with different major

emission wavelengths X ij There is rarely a series of electronic or

vibronic deexcitations I -. J with nearly the same X as one finds in

vibrational decay. Thus a summation over i which led to Eq. (3.316) for

vibrational emissions cannot be performed for electronic transitions. For

electronic transitions,, A4. Is again given by Eq. (3.317), but the matrix

element R 2  is in tis case different from (3.313). A coarse approximation

for R 2 for electronic transitions is (see Table 5-2, Vol. II):
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R2 .536 x cm2 (3.333)ij) elc V ((cm'3)

and thus:

iAOe j 0. 11 1,j w\ P sec (3.334)

elc I- -'

(cm-1)2

Since f.j I for most electronic emissions of interest, Eq. (3.334) is

usually not needed for the calculation of fi. values.

For pure rotational transitions, Eq. (3.315) can again be used

(not (3.316)). Since only AJ = J. - J. = +1 transitions give rise to an emis-I j

sion, and the selection rule is AJ = 0, ±1, we can set fij = I in (3.315)

for all pure rotational transitions. A sum over states i leading to (3.316)

as was carried out for the vibrational case, cannot be done for the

pure rotational case since the rotational energy levels are not (even

approximately) equally spaced for varying values of the rotational quantum

number J (see Vol. II). Expressions for (R?.) and (A0.)t are given inUJrot (A jrot

Volume II but are not needed, since always fij = I in Eq. (3.315) for pure

rotational emissions.

When UVIS or VIS radiations are being considered, Eqs. (3.287)

and (3.308) for SOSP and SUAR contributions must of course bp added to the
T

ABCD expression (3.315), if observations are made under solar illumination.*

For the "---infrared on the other hand only Eq. (3.315) is needed for

*NotI that (3.287) and (3.308) are given in Watts/ster. nm. Before adding
UVI contributions from ABCD as given by Eq. (3.315) in Watts/ster. pm the
'1tter must first be adiusted to the same units of course (I W/-ter. pm
- 10-3 W/ster. nm).
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contributions of pure rotational transitions from various level

ci= hvB J(J+I) and (3.316) for far-infrared vibrational emissions. In parts

of the spectrum where strong vibrational bands exist, the pure rotational

emission contribution can usually be neglected, and Eq. (3.316) is sufficient.

The most important spectrum-dependent function in the radiant

emission expressions (3.315) or (3.316) are the shape or contour functions

b(XOXijAvij )/Av ij which are the main subject of Volume II. These functions

have in general a maximum near the wavelength X r Xij (or frequency v = vij)

and drop off exponentially or quadratically for wavelengths X larger than or

sr,,afier than Xij . The dimensionless function b(XXij.,Av ij) b(vvi..,Lv ij)

is usually so defined that:

b(v=vvij ij. Av.) I (3.335)

It also has the property that:

/b(v'VijiAvij) dv Aii Hz (3.336)

V_0

Thus it follows also that:

db(v'•Ij1A v j)d = I 
(3.337)

I•I

K The spectral or differential Einstein factor is (see Vol. Ii):
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dA. b(vvijAv.j) -I -

J A. ý '- , sec Hz 1 (3.338)
dv I j AV..Ij

and clearly:

f dA..b/ b~v.. ijtAij) =A., "
-- dv C A° . ' dU v ND sec (3.339)

fz dv f I AV.iv=o V=O ij

becausc Eq. (3.337).

The shape function bv(Vvij)&. ij) and "spread" AV ij for vibrational

emission bands is given by (see Vol. II):

Case I: All diatomic species and v3 bands of linear

triatomic molecules (e.g. CO2 1 N2 0).

bv(V,vij ,Vij) IV . iJ exp- (3.340)
•vij

"=V j (4vB kT/h) 1/2 1.6698 (vB T)I/ 2  -cm1 (3.34I)*

(cm- 0 K)

*Because of C02's symmetry) the value (VB)eff = 2(VB)Co must be used here.
2
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Case II: All v2 bands of linear triatomic molecules

(e.g. C02 , N2 0).N

bv(vvi.,Avij) C(vi ix 2 +
B -iAvij ( vaBv- iiV /

4v 4 B H~v -v1~ exp 4v81V- V (3.342)+ 3 , & ii e p - B &V ! j

ijj

Av1. is again given by (3.341).

The right-hand side of (3.340) and the first part of the expression on the

right-hand side of (3.342).give the so-called P- and R-branches of an emis-

sion band, while the second part in (3.342) gives the Q-branch. Diatomic

molecules and stretching vibrations of linear molecules as given by (3.340)

do not possess a Q-branch. The function H(x) in (3,340) is the Heaviside

unit-step function defined before by (3.166); vB is the rotational constant

of the molecule and fB = is the rotational anharmonic coeff:cient of

an a-vibration that possesses a Q-branch.

The nonlinear H2 0 molecule has three infrared-active vibrations

that emit bands which all have Q-branches. The b (V, Vij&Av) expressions

for H2 0 are (see Vol. Il):
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Case III: The v 3 bands of nonlinear molecules such as H20:

3~2-

b-j) /exp-

(Bands with i= v3 v 3 ) o)

2(VB +vC) H(vij -v) e 2(vB +•Vc) C vij- V1 t+ exp-

3BC Avij UBC &Vij

(3.343)

* Case IV: The vI and bands of nonlincar molecules such as H20:

+ 1/2

b2 VB + VC.)I/2
v ( jAij 3 Avlj 2 r VA A

(Bands with i= vI v and i= v2v 2 )

ex- vJ/-exp- 2VA •\A ij" I°+vc VC AI ! J

- / r vB++ 2

+ - .iV + V +-
3 Av ij )2v-\- [C

(v A+ 2

A( 2VA5 V
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Case IV (Cont.)

V~f ( ( ii (DH( (IV +VC 2
-r I__ A-__ B;v +_4D__B _V

k7VA/ t~Vjj hJ 3 t BC "ViJ)(2vA-VB-VC)
± ±

[ex p-j (VB+V)(2ýBCIv-vijI - 2VA+VB+VC)}]eri (VBa+v C)(2v A-VB-VC) 2

~BC BC i )S11

(2V A VB-VCQ 2tBC(VB+V C)I V 2

V 8 + V C(2v A-v B-V C )

+ V e Bf+VC )(vA-B-C) 2/2v A-vB v C 2tBC( 'B+vC)I I~j )VI 2 ,+
+ rf2 v 6i ~ VB+VC (2vA -C) 2  + Ii + )+

(3.344)

Here H(x) and 0 H(x) in the .econd part of (3.344) refer to the v1 and v2

vibration respectively whichever applies.

The spread AVlj to be used In Eqs. (3.343) and (3.344) Is given

by:

Vjj 1.1807t(vBvC) T'-/2 , cm1 (3.345)

t (cm") (oK)

t
256



June 1974 FTD-CW-01-01-74
Vol. I

Table 3-9 lists values of VA J VB Y VC Y ýB . and ýBC of several exhaust

molecules. For combination-band vibrational transitions in nonlinear molecules

such as (vl+V3 ), Eq. (3.344) may be used.

For electronic trans tions in molecules, expressions for the

vibronit band-system contour be(e .,ijy6v ij)/Atij are also available and given

in Volume II. We shall not list them here as they are rather lengthy and

complicated. The vibron~c contour functions usually exhibit two peaks.

However for broad-band observations one may employ as a coarse approximation,

the semi-Gaussian fit:

be(~vijAvij . , . exp- 2

IV~i ,(3.346)

A•.. Aw..
vij Aj

with:

==(v e 2kT/(hpj) 1

•ij (•ij )e c I + 2( 1+ (V j•V)/q 1/2

Vi q
_ _ _ _ _ _ _ _ _ _ _ _ _ -I+

exp kT/(hp1) , cm (3.347)

where for diatomic molecules:

4V [ (,) ex.-2. .(re r.e ] (3.348)
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TABLE 3-9. ROTATIONAL CONSTANTS OF SELECTED EXHAUST MOLECULES

Rotational Constant Anharmonic Coefficient
Molecule (cm- I) for Q-Branches*

CO vB = 1.93

OH VB = 18.87

HC., vB = 10.59

HF V = 20.94

NO VB = 1.70

CO2  VB = 0.390 (fB)2 - 0.001846

N20 VB = 0.419 (&B)2 = 0.001337

H20 VA = 27.88 (fBC)i = 0.03342

H2 0 VB = 14.51 (fBC)2 = 0.00183

H20 V C = 9.29 (fBC)3 = 0.02026

*The subscript on or tBC indicates the normal vibatioi or

for which the coefficient applies.
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V I - exp-%j(re - re.) )

I e.

Vd ( [ / exp2-'(re,- re cm (3.350)
ejj

(ve/ve)2 xP~~j~e; e.~

Here v d k e ek 5k and rek are respectively the dissociation frequency,

the fundamental vibrational frequency, the Morse coefficient and the

equilibrium spacing constant of the Morse potential of the vibration in

state k (k= L and k j). For polyatomic molecules Av.. must be averaged

over the normal vibrations i and Volume II should be consulted. It should

be noted further that Av.. is proportional to T if the exponential in (3.347)

is small. As a coarse estimate, one may take for the vibronic spreads A\..

the wavelength ranges listed in Table 3-6.

The b(v,ý) Av i)/Av Ij function for pure rotational line emissions

are. usually given by the well-known collision-broadened line function (see

Vol. II):

[ (& ij) C /TT] 2bcvv . j.) =(3.351)
b(PiJ U~ (v-. Ji)2 + [(Anv) /n)2

.2 •J -N/2

(1.i ) 1.1288 x 1016 01-2 p (1- , cm (3.352)

C

(cm') (atm) (amu)(°K)
i'

Here 71-2 is the oscillation-interrupting collision cross-section in cm2

for collisions betwena molecules I and 2 , .•1-2 is the reduced mass

I.
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M MM/(M +M ) of the colliding partners in amu units, p is the gas
12 1 2 1 2

pressure in atm, and T is the gas temperature in °K. Values for a1-2 for

various gases are given in Volume II.

At very low pressures the pure rotational line function becomes

cqual to the doppler line-broadening function:

b~~~~ ~ ~ \2'ijA ij x-7 333

(AV 2T T) 7.625 x 0-7 v.. T1/2 M!/ 2 , cm 1

(cm- I)(K)(amu) (3.354)

where c : 3 x 1010 cm/sec and M is the mass of the emitting molecule.

Eqs. (3.353) and (3.354) apply 'Instead of (3.351) and (3.352) when

(ALi.) c << (Aij) D' Note that (A..)c is linearly proportional to pressure.

Only some of the more important spectral shape functions were

reviewed in the above discussions. It was assumed in these relations that

measurements are made over a wavelength interval that includes aL least

several rotational lines, so that mathematical band-averaging can be applied.

If ultra-narrow spectral observations are made,, which include only one rota-

tional line or a portion of a line, fine-spectrum broadening functions brov

and bvbc (for vibrational and electronic transitions) must be used in place

of the functions b and b given above. Expressions for fine-spectrum

broadening 'unctions, as •.-l as broadening functions for some other special

cases are given in Volume I. For ist practical cases invotvirg rocket

r&4iaiotn, the bro&4eIrng fuoctions given above shoul•t1 a=equte *wmewer.
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As mentioned in section 3.3.3., in many cases of interest,

resonant V-V trdnSfers of excitation energy from the level of interest to a
-I

suppressant molecule are not present and in this case 'rq 0 in Eqs. (3.315)

and (3.316).

The atmospheric transmission factor Tr(XSh) that appears in

(3.315) and (3.316) depends on the observer to rocket distance S and alti-

tude h, as well as on wavelength X. Relations for Tr(kSh) are given in

Volume V of the Rocket Radiation Handbook and wil! not be further considered

here.

3.3.9 View Factors

The view factor F appearing in Eqs. (3.315) and (3.316) depends
!v

only on the geometry of the exhaust plume. Although CORE and ABCD radiation

"are generated in separate portions of the plume, the photons emitted by the

CORE have to travel through the outer ABCD region where they experience
p

absorptions and reemissions before they finally leave the exhaust plume.

Thus the CORE emission is blended spatially with ABCD radiation, and the

use of a single view factor F for calculating the sensor-observed plumev

emission due to both radiation mechanisms is appropriate.

In Ap•,odix C, analytic expressions of view factors F are

v

* developed for simple geometries such as a cylinder, cone, or sphere.

Although an actual exhaust plume does not have such a geo'etry, il has

cylindrical syauretry and may be approxiP7ated by an equivalent finite

cylinder with equivalent length L P, arid diameter D p. The view factor FpLp v

for a finite cylinder is shown, in Appendix C to depend primarily on the

rat; €,
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S= L /D , (3.355)

p = Ds/Up , (3.356)

and on the sensor's field-of-view and "aspect angle" o , that is the angle

between the line-of-sight and the cylinder axis. Thus (Fv)cyi = Fv(D sXAp)O).

Here D is the diameter of the (assumed) circular field-of-view of the
s 0

observing sensor at the rocket plume.

Now o can be obtained directly from the rccket trajectory and the

location of the sensor, while D can be calculated if the sensor's opticsS

and field-of-view is known (see Vol. VI). If the sensor's field-of-view

angle is e fov and the observer-to-rocket range is S, then clearly (in the

usual small angle approximation):

Ds = S efov , m (3.357)
SI

The equivalent cylindrical rocket plume diameter D , may be
p

apprcximately set equal to Dexh or Dh , given by Eqs. (3.139) or (3.194).

To obtain an expression for the equivalent cylindrical plume length L wep

shall employ the Hill-Draper theory (Ref. 19) mentioned before. In

"Appendix F it is shown that for view-factor calculations we may take

app rox i mate I y:

L X Dp m (3.358)

where:
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SI , cot cos"(I- J --- exp- -I-)J J (3.359)

p

Here the parameters • and B are constants that depend only or, the rocket

hardware and fuel parameters. They were defined before by Eqs. (3.227) and

(3.228) of section 3.3.4. D' must equal D; = D H(D -D ) + D H(D -D ) in
e e e p e p e p

(3.359) to account for launch-altitude separaticns in the nozzle (see
I

Eq. (3.196)).

As discussed in Appendix F, at ultra-high-altitudes the physical

F dimensions of the plume become larger than the radiation-active plume

dimensions, and therefore when calculating view factors we shall take for

D the relation:
p

Dp = Dexh H(Dr -Dexh) + Dr H(Dexh-D) , m (3.360)

Here Dexh was given by Eq. (3.139), and:

P

Y+l
Dt (2 _/(y,_ _) _ _"

Dr Im (3.361)

p c

where pr is given by (see Appendix F):

263



FTD- CW..01-01- 74 June 1974
Vol. I

-1 1.0 X/ -1/2 i
-p 2.506X 10 T M bars (3.36,yý

('K) (amu)(bars)

J4

For a typical value of y = 1.25, T = 3000 °K, PC = 50 bars, and
C

M e 30 amu, one finds from Eq. (3.362) that pr = 6.09 X 10-10 bars which

corresponds to an altitude of about 250 kilometers according to Figure 2-3a.

Thus for most near-earth orbit launching rockets, the radiative size limit

D = D will not be reached.
p r

3.3.10 Parametric Error Analysis and Adjustments

Before investigating the effects of variances of the input

parameters on the total output radiation, let us review what input param-

eters enter into a radiation calcuiat~on. For rocket radiation signature

calculations involving the ABCD and .ORE expressions (3.315) or (3.3 16),

the following input parameters are required for each rocket stage:

a. Rocket Hardware Data

W Exhaust mass flow rate, kgm/sec

T = Combustion chamber temperature,, K
C

PC= Combustion chamber pressure, bars

Dt = Nozzle throat dlameter, m

Pe = Nozzle exit plane design pressure, bars

y = Gas coefficient of exhaust gases

0 = Rocket thrust angle, degrees
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-2,

Pr 2.506X I0OI Tc / (2P bars (3.362)

(°K) ( (ars)

For a typical value of y = 1.25p Tc = 3000 OK, Pc M 50 bars, and

A e 30 amu, one finds from Eq. (3.362) that pr = 6.09x o0-10 bars which( ~ er
corresponds to en altitude of about 250 kilometers according to Figure 2-3a.

Thus for most near-earth orbit launching rockets, the radiative size limit

D = D will not be reached.p r

3.3.10 Parametric Error Analysis and Adjustments

Before investigating the effects of variances of the input

parameters on the total output radiation, let us review what input param-

eters enter into a radiation calculation. For rocket radiation signature

calculations involving the ABCD and CORE expressions (3.315) or (3.316),

the following input parameters are required for each rocket stage:

a. Aocket Engine Data

Tr = Combustion chamber temperature, °K

PC = Combustion chamber pressure, bars

Dt = Nozzle throat diameter, m

Pe = Nozzle exit plane design pressure, bars

y - Gar coefficient of exhaust gases

(e - Rocket thrust angle, degrees)
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Of these six parameters, e is usually fixed at e - lOGO for

booster rockets. Only if vernier-rocket burns are considered

is e v 180. Thus for booster rockets there are basically

five parameters. For any one of the basic five parameters one

can substitute another parameter that is related to these five

and can be calculated from them. For example Instead of e

oae can specify the nozzle area ratio E = D'/D 2 , or thea t

nozzle exit plane parameters T or D a and in place of Dt ,

W may be specified. Each one of these other parameters can be

calculated from the basic set of five parameters, T c $ p , Dtf

pa . and y via ideal one-dimensional adiabatic rocket flow

theory (see Vol. IV). Often the mass flow rate W (kgm/sec) is

given also as a sixth Independent parameter. However for ideal

flow it is related to Tc("K), pc (bars), y , Dt (m), and

M (amnu) via the expression W = 861.39 pc D2[Y[2/(y+ I)] (Y+ I)/(YI)"

* (M./Tc)] 1/ 2 (see Vol. IV). If Q/ Is Independently specified,

non-ideality factors are automatically Included but Q/ should

still be approximately given by the Ideal relation. Not more

ihan the basic six or five engine parameters should be used to

avoid overdeterminntion and Inconsistencies.

b. Rocket Trajectory and Relative Sensor Position

To celculate signatures (radiation versus time plots), the

rocket's position and veloclty relative to the earth must be speci-

fied as a function of time. Also the burn-start and burn-stop

times for each stage must be given. The number of time points for

each &tape can vary betweei 5 and 50 depending an how smoothly

varying or Irregular the trajectory date *'a. Usually for
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Of these seven parameters, 0 is usually fixed at 0 = 1800 for

booster rockets. Only if vernier-rocket burns are considered

is 0 4 180°. Thus for booster rockets there are basically

six parameters. For any one of the basic six parameters one

can substitute another parameter that is related to these six

and can be calculated from them. For example instead of Pe

one can specify the nczzle exit plane diameter D e the nozzlee

" area-ratio" E , or the nozzle exit plane temperature Te .

Each one of these parameters can be calculated from the basic

set of six parameters W Tc , PC , Dt I Pe ' and y via

one-dimensional adiabatic rocket flow theory (see Vol. IV).

In performing radiation calculations, it ir important that the

number of input parameters do not exceed the basic set of six.

Overdetermination may cause inconsistencies, particularly if

input values are provided which are not exactly related by

the standard one-dimensional rocket flow relations. The latter

equations are assumed to hold throughout all expressions

developed here.

b. Rocket Trajectory and Relative Sensor Position

To calculate rocket radiation signatures, that is to plot a

* Iradiation versus time curve, It is necessary that the rocket's

"position and velocity relative to the earth Is specified as a

function of time. Also the burn-start and burn-stop times for

1. each stage must be given. The number of time points for each

stage can vary between 5 and 50 depending on how srloothly

varying or Irregular the trajectory data are. Usually for

2
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each stage, some 10 time points are sufficient. Thus for a

typical three-stage rocket this means that some 3 X 10 X 4

(altitude; range; azimuth; velocity) ý 120 input numbers

are required to specify the rocket trajectory.

In addition to the rocket trajectory giving a four-set of

numbers as a function of time, it is necessary that the field-

of-view diameter of the sensor at the rocket, D = D (t), and

the aspect angle *= (t), that is the angle between the

rocket's direction of motion and the line-of-sight from the

sensor to the rocket, be specified as a function of time.

The determination of D(t) and a(t) is best calculated together

with the rocket trajectory calculations, and thus a six-set

(h) LONG, LAT, Vv I a , Ds) as a function of time should be

specified. Here the longitude (LONG) and latitude (LAT) are

substituted for range and azimuth.

c. Exhaust Gas Molecular Composition

Several books, tabulations) and computer programs are available

(Refs. 26 and 27) which give the molecular species composition

of a rocket exhaust for a given propellant mix. For radiation

calculations) the exhaust gqs composition is expressed by the

following parameters:

9H = Moles of H2 per kilogram of exhaust mass
2

9Ho2  M Moles of H20 per kilogram of exhaust mass

,CO Moles of C02 per klogram of exhaust mass
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Moles of CO per kilogram of exhaust mass

gHC

gHA - Moles of HU2 per kilogram of exhaust mass

gN1O 03 Moles of Pe 2, 3per kilogram of exhaust mass

= Moles of OH per kilogram of exhaust mass9N

0H Moles of NH per kilogram of exhaust mass

9 H Moles of OH per kilogram of exhaust mass

9N2 Moles of N2 per kilogram of exhaust mass

2

The above list is representative of most of the exhaust
I

species that are present in a rocket exhaust. However, if

present, the amounts of other species such as HF, NO2 I etc.,

must be added to completely specify the molecular field.

If the species distribution is given in terms of moles of X

per kgm of exnaust gX . as is our convention, one additional

parameter can be derived which is the species-averaged molecular

v"eight M [0"3egx ]I0 grams/mole. This constant appears

in several subsidiary expressiorns and is treated as a semi-

independent constant even though it depends uo the sum over

the 9X In many data inputs, M is therefore specified

separately as though it were an independent parameter.
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d. Molecular Constants

The molecular constants needed in radiation calculations may

be divided into thrPsn groups, namely rotational) vibrational,

and electronic constants:

(I) Ro.ational Constants (see also Vol. II)

(VA)HO - (VB)H20 ) ( oC)H20 = Rotational constants

for the three rotational axes of asymmetric nonlinear

H20 , (cm'). ,

(VB)CO Rotation constant for linear CO2 , (cm').

(VB)co = Rotation constant for CO, (cm). .

ct:., for alB molecules listed'under c.

(CB qH 2 0, (tBC2)H 2 0, (tBC3)H 2 0' Second-order

rotational coefficients due to the three normal

vibrations of H 20.

Second-order rotational coefficient of CO2

etc., for all molecules listed under c.

(2) Vibrational Constants (see also Vol. II)

(VI)H20 Y (y2)H20 ) ' 3)H20 = Fundamental frequencies

(cm&1) of the three normal vibrations of H 20.
268
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(NO)CO , (VN2)CO2 (V3)C 0 2  Fundamental frequencies

(cm"I) of the three normal vibrations of CO2

(Ve)Co 0 Fundamental vibrational frequency (cm-,) of CO.

(Ve)HCL = Fundamental vibrational frequency (cm") of Ila.

etc., for all molecules listed under c.

(X)H2 , (x2)H2 , (X3)H2 Anharmonic vibrational

constants of 4 20 for normal vibrations v I v2 ) and

v3 respectively.

(Xl)CO 2 , (x2)c2 , (x3)CO2 Anharmonic vibrational

constants of CO2 for normal vibrations v I 'ý 2 ' and

"V3 respectively.

(xe)CO. = Anharmonic vibrational constant of CO.

(Xe) Cu = Anharmonic vibrational constant of HCA.

etc., for all molecules listed under c.

(ZI)H0 , (Z2)H2 , (Z3)H0 = First-derivative 'ipole

charges of H20 for respectively the v, ) V2 , &nd v3

normal vibration.

(Zl)CO ) (Z2)co (z3)CO First-derivatlve dipole
C2  -C 2  3c 2

charges of H2 0 for respectively the vI ) 2 ,and v3

normal vibration, (N;ote that (Zg)co 0.)
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(ZI)CO First-derivative dipole charge of CO.

(Z,)HC - First-derivative dipole charge of HC..

etc., for all molecules listed under c.

(MI)H0 , (M2) H2 0 P (M3)H 2 0 -0 Vibrational masses (amu)
of H20 for the v l, V . and v 3 normal vibrations.

(MI)co2, (M2 )CO2 , (M3)co Vibrational masses (amu)

of CO2 for the v, V2 , and v3 normal vibrdtions.

(M)co = Vibrational reduced mass (amu) for CO.

(M)Hc = Vibrational reduced mass (amu) for HCI.

etc., for all molecules listed under c.

(3) Electronic Constants (see also Vol. II)

(Vi=i)HO2 , (vi=2)H20 , ... = Frequencies (cm"I) of

electronic excited levels i=l, i=2, .... in H 20.

(vi=.I)co2 ) (vi=2)CO2 = Frequencies (cm"I) of

electronic excited levels i=l, i=2, .... in CO2

\jiI)CO I (vi.2,CO , ... = Fiequencles (cm" 1 ) of

excited levels W=., 1=2; i..In CO.

etc., for all molecules listed under c.
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(0a;i 0)H0 (0 0; 1 .)H 2 0 P ... Morse potential

exponential coefficients of H 0 for electronic excited

levels Iz0 (ground state)i i-'i...... for normal

vibration ci (cy = I 2, 3 for H2 0).

(% ; i::O)CO2 , (Oc; i I)c2 , y .'" Morse potential

exponential coefficients of CO2 for electronic excited

levels 1-0 (ground), 1-1, .... , for normal

vibration c (a = I, 2, 3 for CO2).

(1iO)Lo ,.. Morse potential exponential

coefficients of CO foi- electronic excited levels i.0

(ground state), i=l. ....... .

(OivO)HU , (si=l)Hc , ... Morse potential exponential

coefficlents of HCA for electronic excited levels i -. 0

(ground state), i.l,......

etc., for all molecules listed under c.

1, 0 Morse potential

equilibrium separation (cm) of H2 0 for electronic excited

levels I=0 (ground stata), i-I, .... , for normal

vibration a (o = I, 2, 3 for H2 0).

(rc; i=0)CO2 , (ra;i=)o .... Morse potentiai
2 2

equilibrium 4eparation (cm) oF CO2 for electronic excited

levels i=O (ground state), i=l, .... , for normal

vibration a (ot = I, 2, 3 for CO.

2
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(re;i-O)CO , (re;i-I)co , .. - Morse potential

equilibrium separation (cm) of CO for electronic excited

levels i=O (ground state), i=1,.....

etc., for all molecules listed under c.

(vd=• iO 0 ) (vd0; = H0 = Morse potential

dissociation frequency (cm ) of H 20 for electronic

excited levels i=O (ground state), il=, .. , for normal

vibration ot (C1 = 1 2, 3 for H2 0).

(VdC;i=O) , (vd ;i=I )Ci 02 , ... Morse potential

dissociation frequency (cm ) of CO2 for electronic

excited levels i=O (ground state), i=1, ... , for normal

vibration o (CY = 1, 2, 3 for C02).

(vd.o) , (vdio) , ... = Morse potentailco =0CO

dissociation frequency for electronic excited levels

i=O (ground), i=1, ... , for normal vibration a.

etc., for all molecules listed under c.

e. Atmospheric Properties

Atmospheric pressure and temperature variations with altitude

strongly Influence a rocket radiation signature. Atmospheric

composition changes with altitude are also Important though

272



June 1974 FTD- 4O-Ol-01- 74
Vol. I

not as influential aE the pressure and temperature. Thus in

all radiation signature calculations, one must specify the

parameters:

Pa(h) = Atmospheric pressure (bars) versus altitude h (km).

T a(h) = Atmospheric temperature (°K) versus altitude h (km).

y0 (h), YN(h), .. Mole fraction of 02 , N2 .  . . . . of
2 2

atmospheric molecules and atoms versus altitude h (km).

Although the above list of inputs appears quite formidable at first

sight, it must be remembered that the input data of (d) are fixed by nature

and once available can be stored permanently in a computer memory. The

atmospheric parameters under (e) are semi-permanent and usual'y a model

exponential atmosphere such as shown in Figure 2-3 (see also Ref. 24) is

adequate for most radiation calculations.

The only purely'rocket-dependent input parameters are those listed

under items (a), (b), and (c). Fo these, the set of exhaust species listed

under (c) is surprisingly constant for a given combination of rocket fuel and

oxidizer; the typical values listed in Table 2-3 are often adequate for

many radiation signature calculations.

The mean molecular weight AR varies little between fuels ande

normally has a value between 23 and 28 amu for amine, hydrocarbon, or solid-

fueled rockets, and about 5 amu for H2 /0 2 rockets. The effect on rocket

I* radiation intensity due to variations in the value of A over the 23-28 amu
e

range of hydrocarbon, amine, or solid rockets Is usually small.
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The particular values of some of the parameters in the remaining

two groups, namely (a) hardware constants and (b) trajectroy six-sets, can

effect the magnitude of a rocket radiation signature substantially. For

example the gas coefficient y, though it only has values between 1.000 and

1.667, effects the radiant emission strength strongly, since it appears as an

exponent in many terms. For most rocket exhausts, y has a value that lies

within 5 percent of y = 1.23. Trajectories can also strongly influence a

rocket signature and considerably different signature profiles may result,

depending on whether a given rocket is shot into a ballistic depressed,

lofted, or space-injection orbit.

In carrying out signature calculations for multi-nozzle rockets,

one often encountes the problem of what value one must choose for the throat

diameter Dt or nozzle exit diameter De , which is a key parameter in the

radiation equations (see section 3.3.8). In Appendix I it is shown that at

high altitudes an equivalent value (Dt)N , defined by:

(D) NN12 Dt , m, (3.363)

may be used for multi-nozzle rockets, where:

NN = Number of nozzles

Dt = Throat diameter of each nozzle, mi

or more generally:

N 1/2

N

LA=2

S.....274
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where (Dt). is the throat diameter of each nozzle and the summation is over

the total number of nozzles NN

At the lower altitudes however Eqs. (3.363) and (3.364) give rise

to plume diameters that are too small, and instead a relation of the form:

(Dt) t[I + f(E,F,K)j , m (3.365)

is required (see Appendix I). Here:

y+ - 1/2

= 2 2(yI) PC PýY (3.366)

Y+f -1 /4

F y (d 2--(-) , - (3.367)

K SN/Dt (3.,368)

Here SN is the separation between nozzle skirts (see Appendix I). The

function f(EIFK) depends on the particular multi-nozzle arrangement as

follows (see also Appendix I):*

a. Two Nozzles

+ K 339

f(EF,K) = K3.369)
F

*These relations are due to R. Chardon.
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b. Three Nozzles (Tr-iangular)

;E + K
f(EFK) = P cos6-r/6) (3.370)

c Three Nozzles (Linear)

2 -/E'+ 2 K

f(EjF,K) = 2 (3.371)F

d. Four Nozzles

f(EFK) = K (3.372)

e. Five Nozzles (Cross)

2 rE-+ 2 K
f(E, F,K) = (3.373)

F

f. F;ve Nozzles (Pentagon)

f(E,F FK) si + K(3.374)F s I n(TT/Tr)

g. Six Nozzles (Hexagon)

224P + 2 K

f(E, F, K) = (3.375)F

As an approximation for all altitudes, one may take for the effective

diameter 0t of a multi-nozzle rocket:
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(Dt)eff (Dt)N H(ON DG) + (D,) H(IG D ) m (3.376)

that is (Dt)eff is the larger of (Dt)N and (Dt)G calculated respectively by

Eqs. (3.363) and (3.365).

Since usually the field-of-view diameter D covers the entires

plume at the lower altitudes and si,-.ce in this case the view-factor FV is

insensitive to the value of D (only the ratio L /D = X and the aspect

angle a matter in this case), no great error results if Eq. (3.363) is

assumed for all altitudes in the expressions for FV * However for the

Mach Core calculation of T M which depends on Dt , Eq. (3.376) should

give ar improvement over Eq. (3.363).

* In the theory developed above, several ad hoc approximations (such

as TM = e exh ' M 2 Ve 2 Vexh eti.) wtre used. In addition,

many input parameters are often not accurately known. For this reason, it

is profitable to carry out a sensitivity analysis and determine the ,arience

of the radiant intensity J (or dJ/d%) as a function of the uncertainties in

the values of the various input parameters.

Since J (or dJ/dX) depends on many exponentially varying functions,

the calculation of the e:ror or variance AJ in J will be based on logarithmic

derivatives (iJ = 6(2nJ)) rather than on linear ones. Then according to

* •,. standard error-analysis theory:

21
i = n: Jo( J(x + L ) ) ](37
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Here J is the value of J evaluated with input parameters xI , x2 .  . . . . at

their nominal values, and the Ax. are the errors or variances in the values

of the x.

Expression (3.377) is not quite symmetric and applies strictly only

in the limit of first-order error theory, for which J(xi+ Ax )/J(x.) =

- J(x 1)/J(×i- Axi). This latter equality is not always well approximated,

and therefore an improvement is obtained by rewriting Eq. (3.377) in the

symmetric form:

+J= ± J [n(J(x+Ai) + L n( J(xi-Ax.) 2

A n• I• Oxi+ Ax.)(

= I Jo 2 + Ax. (3.378)

In Chapter 4, examples will be given of the resulting uncertainty

in J due to various uncertainties in the input parameters x. , using

Eq. (3.378). From such sample error calculations, an assessment may be

made of how good or bad such assumptions as M= 2/3 Te + 1/3 Texh are in

calculating a particular rocket radiation signature. The results indicate

that the simplifying assumptions may lead to errors on the order of 10 to

20 percent in the signature. Though these errors may appear large at first,

it should be remembered that the trctnds, shapes, and variations in a signa-

ture curve are less effected than the absolute values, since systematic

errors produce biases in the output that are In the same direction.
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4. APPLICATIONS AND EXAMPLES

4. I ROCKET RADIATION SIGNATURES

One important application for the relations developed in Chapter 3

is the calculation of the radiant emission from a rocket as it rises from

the launch pad into space., The radiation history of such an event, that is

a plot of the radiant intensity (in a certain wavelength interval) as a

function of altitude or time is referred to as a rocket "signature."

In Figures 4-I through 4-4, TTO signature plots* are shown of the

radiant intensity per unit wavelength range at X = 2.74 pim for four typical

rockets and trajectories. The radiation at 2.74 pm is in the v3 vibrational

band of H 2 0 and in a portion of the v2 band of H2 0 (centered at X= 2.66 pam),

while the X = 4.45 Pm radiation is in the v3 vibrational band of CO2 . Thus

both are in the strongest emission bands of H 20 and CO2 * The signatures are

based on Eq. (3.316) with rqj set equal to Tq! = 0 and the atmospheric

transmission factor Tr set equal to Tr = I. That is, no infrared-radiation

suppressing molecules are assumed to be present) and the signatures are "bare."

Actually observed signature intensities would be equal to the ones

-• Ir shown multiplied by Tr(Sh,X) and Rs(W) nd integrated over X. that is:

Wat
td d)Rs(X) Tr(;X,S,hs hv A~ Watts (4.1)

Jobserved =rX v ster (

1,2

*TTO Target Tracking Observations (see last paragraph) section 3.1).
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where:

dJ , "Bare" radiant Intensity, Watts
d), ster. p~m

(calculated from (3.316) with Tr I).

X,1)'2 :Wavelength band limits set by sensor filter

optics.

R (X) = Sensor response curve (see Vol. VI),

Tr(XSh sh ) - Atmospheric transmission which depends on

sensor-to-rocket distance S, rocket altitude

h , and sensor altitude h (see Vol. V).

Any vehicle body radiations in the near-infrared can be shown to

be small compared to the plume emissions during a launch, and may thus be

conveniently neglected.

For simplicity it was assumed in Figures 4-1 through 4-4 that the

sensor views che rocket plume "side-on," that is at o- = 90P, and thus with

a fixed view factor Fv (=90P). Also the sensor's field-of-view diameter

D at the rocket plume is assumed to have a constant value D I km.

The rocket hardware paramet('-s,, exhaust species distributions, and

trajectory data used in the calculation of the four sample rocket radiation

signatures appearing in Figures 4-1 through 4-4, are listed In Tables 4-1

through 4-3. The standard 1962 USAF-CRL model atmosphere was used also

(see Figure 2-3, Ref. 24, or Vol. V) and molecular constants were taken from

Refs. 47 and 48 as needed (see also section 3.3.8 and Vol. WI).

All signatures show as main features two (for two stages) or three

(for three stages) high level regions separated by minimum radiation regions
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between them. The first high level region occurs during first-stage burning

and exhibits a maximum point which occurs approximately where afterburning

has its peak. The first deep minimum region which occurs almost always at

the beginning of second-stage burning is due to (1) decreased mass flow rate

of the second stage (compared to the first), and (2) decreased CD heating

since the air-relative exhaust velocity Vk (see Eq. (3.206)) of the exhaust

goes through a zero point near there. The second (and third) high-l-vel

regions .ihich occur at high altitudes are due to the fact that (1) C;RE

ridiation is approaching, or has approached, its maximum there (equal to

DSPR radiation), and (2) CD heating in increasing again there, after having

gone through its low point in the first deep trough. The vehicle velocity

and thus the air-related exhaust velocity is getting very high again at the

higher altitudes. However CD heating at the later stages is absent if an

altitude over 200 Km is reached since the air gets too thin there to allow

a sufficient number of CD excitations to uccur within the field-of-view of

typical sensors.

The importance of altitude on CD heat- is illustrated vividly by

a comparison of the signatures from the :.'iilistic trajectories of the Atlas

and Titan II (Figures 4-I and 4-2) ý',•ch go to an altitude of 325 and 360 km,

and the signatures of the orbit launching Titan 3B/Agena and the Titan 3D

(Figures 4-3 and 4-4) which only rearh an altitude of 138 and 155 km (see

Table 4-3). The terminal vehicle velocities of the ballistic rockets are

about V = 6.8 km/sec while the orbit-launchers reach about V = 8 km/sec.
V v

The high (Vv-•x)2 peak heating effect near burnout altitude Is In the casev v
of the ballistic rockets not ,bserved because they are well above 200 km

there. Instead the steady maximum level CORE radiation (DSPR radiation)
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prevails. However, as may be seen in Figures 4-3 and 4-4, CD heating is quite

significant for the orbit-launchers which stay below 200 km and as a result

show strong CD peaks towards the end of the second and third stage burns.

The last two peaks in Figures 4-3 and 4-4 are usually son. hat lower

and rounded off in actual observations since in an orbit launch the rocket is

about to get out-of-sight at that altitude, which mean: that the aspect angle
A t

is muc:;h mc(re thin (or less than) the 90° assumed in the calculations. This

causes the view factor F to drop below the constant value of F (C1--90°)v v

that was assumed. Theradiation level wil! of course be lowered correspondingly.

Only when the relative 0ensor and rocket positions are known accurateiyY, can

the precise reduct;on of the radiation level by the changing value of F be* - V

determined.

7 High-altitude CD peaks are not entirely absent from the ballistic

rocket signatures and appear as small bumps on the otherwise level CORE

radiation plateaus in the last portion of the signature curves.* The signa-

ture curves sihown are a little jagged (the high-altitude C.) bumps appear as

triangles for example) due to the long time intervals of about 20 seconds that

were taken in the computation of the curves. Shorter time intervals in com-

putation should yield smoother curves.

An interesting difference between the 4.45 pm CO2 radiation and the

2.74 pm H20 radiation is that the signature of the former has a minimum that
r2

*CD radiation bumps or spikes can also occur during stagings or when vernier
burns are executed. In both cases gas is released with a higher-than-normal
air-relative velocity Vk i causing increased V+-dependent CD radiation.

During staging, it is the decreased exhaust velocity 7, of the "after-belch"
gases that causes an increase in Vk = Vv -Vx • For tIe vernier burn it is
the sidewards thrust angle 0 that causes ULk Vv Vx(cosa) to increase above
the normal thrusting value with 9 = 180°.
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occurs much earlier than the minimum of the latter. In fact for the Atlas

rocket for example an upswing in radiation is observed already during first-

stage burning, after a brief minimum. This is due to the fact that the

radiative decay constant for the CO2 transition is about 4 millisecond, com-

pared to about II milliseconds for the H2 0 band. As a result, more of

potential CO2 radiation is released in the Mach Core (before it is mixed

with air) than H 0 radiation. Separate plots of only CORE radiation are
2

shown in Figure 4-5 and from these curves it is clear why the CO2 radiation

attains its maximum level sooner than the H20 CORE radiation.

The prediction of an earlier CO2 Mach Core radiation peak compared

to the H20 Mach Core peak is a very sensitive function of the calculated

radiative decay constant of = 4 milliseconds for CO2 versus T. II

milliseconds for H2 0, as well as the Mach Core dwell time TM , which appears

in the factor [I - exp-(TM/Ti)). Approximating errors in the calculation of

TM may shift the CORE curves, but since TM must be the same for both curves,

the relative position and slopes of the two CORE radiation cu, ves should give

information on the relative magnitudes of T i for the H20 and CO2 bands. This

is valuable scientific information) and should encourage the simultaneous

measurement of 2.74 pm and 4.45 pm rocket radiation signatures. Of course

the measured radiation will be a composite of ABCD and CORE radiation and

some analysis will be required to extract the pure CORE contribution.

The small dips shown In the very early parts of the signature

curves occur when the ambient pressure pa = Pe This happens because before

the occurrence of these small dips (at an altitude between 3 and 8 km), the

exhaust gas will expand to ambient pressure pa ii,:ide the nozzle and In this

case, pe In the mixing ratio expressions p a/e (Eq. (3.195)) is given by P8a
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FIGURE 4-5. CALCULATED PURE MACH CORE RADIATION (TITAN II ROCKET)
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Thus fractionally more air cooling of the plume occurs relative to later

times in the trajectory where pe = Po = constant (see Eq. (3.196)). If

observations of rocket launchings are made from satellites such as skylab,

the early part of the signature curve is not seen however, because of strong

atmospheric absorption of infrared rocket radiation during the lift-off and

low-altitude portion of the trajectory. Thus the first small dips are usually

mi,- Wd in satellite-observed signatures.

Several other inflection points, dips, and bumps are present in

the signature curves, some of which depend critically on a particular physical

parameter. However since many of the physical parameters are not exactly

known, the predicted location of such special features may differ somewhat

from is actually observed. It is clear that an analysis of experimental

rocket .Jiation signatures could provide a wealth of basic data and should

assist in vprifying, adjusting, or changing some of the molecular and gas

constants ,ised, many of which were calculated (e.g. the Ti) from somewhat

uncertain data. Also some of the approximate expressions (e.g. fCD) that

were used in the theory given in section 3.3 should be tested against actual

field data.

For thorough signature analyses, it is essential that all "laboratory"

parameters are accurately known, since observational conditions can strongly

effect the signatures. For example the field-of-view diameter D at the
s

target, which was taken as Ds = I km In Figures 4-I through 4-4, will cause

the sensed radiant intensity to decrease as soon as the plume length L and/or
p

diameter D exceeds D = I km.* Such "laboratory-induced" effects must of
p s

*For D ,this occurs at about 150 km (see Figure 2-6).
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course be recognized and properly accounted for, and cannot be ascribed to

a high-altitude physical process in the plume.

The signatures shown in Figures 4-I through 4-4 exhibit also error

bars which are based on Eq. (3.378) of section 3.3.10, and the assumption

that certain input parameters have uncertainties in their values as shown

in Table 4-4. Also shown in Table 4-4 are "influence coefficients" which

give the fractional change in J due to the fractional change in one parameter

with all others held constant. The figures in the table show that the gas

coefficient y and the combustion chamber temperature T apoear to have thec

highest influence coefficients as one would expect. Note also that the

influence coefficients of W and H2 0 are linear as expected.

For variances in , Eq. (3.378) which holds only for small

perturbations, is inadequate in certain regions of the signature plots.

For a Ly = ±O.Ob variance for example, one finds that near the signature

"trough" region + LJ _ 2.5 J and -AJ _ 0.I J . Formula (3.378) takes0 0

AJ = ±(2.5 J + 0.1 J)/2 ±1.3 Jo 0 from which one obtains J. = J " - J

=-0.3 J and J, = +2.3 J These results are clearly wrong. Thus in

y-ultrasensitive regions the effect of variations in v should be caiculated
V

separately.

The signature computations plotted in Figures 4-1 through 4-4

included only emissions from the fundamental Lv = I (I - 0; 2 - I; 3-. 2;...)

vibrational transitions obtained via Eq. (3.316). Since overtone and

combination-band emissions are much weaker and far away from the spectral

4' regions considered, this is an excellent approximation.

p
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4.2 PLUME EMISSION SPECTRA

In addition to rocket radiation signaLures, that is plots of the

band-integrated radiation Intensity versus altitude or time, the radiation

expressions developed in Chapter 3 also are capable of providing absolute

emission spectra at any desired altitude, that is plots of intensity versus

wavelength. Figures 4-6 and 4-7 are examples of such spectral plots.

Figure 4-6 shows calculations of the infrared emission spectrum

produced by the exhaust of a Titan rocket (see Table 4-2) in the 2 to 10 Pm

region, where H2 0, CO, and CO2 emit most strongly. Only the fundamental

v c ýI (I - 0, 2 -,1, 3 - 2, etc.) vibrational transitions are accounted for

in Figure 4-6. The weaker overtones and combination-bands are usually not

noticeable in the 2 to 10 pm region where most fundamentals of H2 0, CO2

Y and CO are active.

The spectrum shown in Figure 4-6 gives only the band contours, that

iF the minimum resolution is assumed to be several rotational line spacings.

Detailed line spectra can also be readily calculated however by use of the

rovibrational functions brov instead of bv (see Vol. II and section 3.3.8).

The curves of Figure 4-6 are based on the contour function bj given in

section 3.3.8.

Figure 4-7 shows the emission contour in the UVIS region at high

' altitudes due to SUAR and CD (with high Vk) Approximate vibronic contour

functions were used in calculating the curve shown in Figure 4-7 (see

Eq. (3.346) and the following discussion In section 3.3.8). Figure 4-7 gives

therefore only the gross features of the UVIS spectrum and should be

considered more as an example of what might in general be obtained. At
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present, fundamental data on vibronic transitions (see section 3.3. I0) are

somewhat Incomplete. Without such data it is not possible to use the more

accurate vibronic contour functions developed in Volume II and hence the

coarse contour relations of the for;.i (3.346) together with the data in

Table 3-6 had to be used in arriving at the coarse UVIS contour spectrum of

Figure 4-7. If and when more complete vibronic data become available and

more measurements are made to obtain such data, it should be possible to

calculate better UVIS emission spectra using the more accurate vibronic

and rovibronic contour functions given in Volume II.

The infrared spectrum of Figure 4-6 shows the non-attenuated

rocket plume emissions observable from satellites. Figure 4-8 shows the

atmosphere-filtered spectrum (see Volume V for dtmospheric tramsmission)

corresponding to Figure 4-6. The atmosphere contains a lot of H20 and CO2

and thus the rocket emissions in the H2 0 and CO2 bands are heavily filtered

when observations involve a long atmospheric path between the observer and

the rocket (e.g. for aircraft- or ground-based sensors). Because the .haust

gases are hotter than the air however, their emission bands are broader

since the band-spread is proportional to T 1/2 (see for example Eq. (3,341)).

As a result, emissions In the "wings" of the H2 0 and CO2 bands can still get

through the atmosphere. Of course emissions from ','foreign" exhaust gases

such as CO or HCU, can get through the atmosphere even better. Both of these

effects are clearly shown in the atmosphere-attenuated curves of Figure 4-8.
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4.3 CONCLUSIONS AND COMMENTS

The theory developed in Chapter 3 provides reasonably satisfactory

relations for the calculation of rocket radiation "signatures" and spectra

as shown in sections 4.I and 4.2. However the theory developed so far does

not yield relations for the detailed spatial distribution of the emitted

radiation, that is the imagery of the rocket plume or cloud. Only gross

spatial features and shapes of the plume and cloud were evaluated as needed

for calculating view factors and a few other space-dependent parameters.

The theory of Chapter 3 employed some hasically new approaches

in answer to the questions of: (1) How many photons are emitted by the piume

in total, and: (2) What is the spectral (,,ot spatial) distribution of these

photons. View factors were considered next in order to give an answer to

the question of: (3) How many of all the emitted photons of certain wave-

lengths travel in a certain direction. However the question of: (4) How

many photons with certain wavelengths are emitted from each unit surface area

of the plume in a certain direction was not answered, since in most applica-

tions for which the theory of Chapter 3 was developed, this information is

not needed. That is, with the exception of Baker-Nunn photography (see

Chapter I), most rocket radiation tracking sensors collect only spectral

radiance information and not imagery.

In principle however the spectral radiance theory as developed in

this volume of the Rocket Radiation Handbook can be extended to include

imagery calculations. This requires a detailed knowledge of the spatial

distribution of the exhaust gas molecules In the plume as well as knowledge

of the photon distribution in It. Volume III will cover photo~n migrations

and distributions In gaseous media, while Volume IV provides theories and
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methods for the calculation of rocket jet and plume structures and exhaust

cloud expansions. From a known molecular density distribution in the plume

as calculated via the relations given in Volume IV, the internal photon dis-

tribution and surface escape flux distribution can be obtained next by means

of the theory provided in Vo!ume III. Once the photon escape flux distri-

bution is known as a function of plume surface position for a particular

plume, the radiant intensities at any point on the surface of the plume can

be calculated of course, starting with the known total emission rate and

spectrai distribution obtained with the theory given in Chapter 3. Thus

imagery, or the spatial distribution of the emitted rocket radiation is in

principle calculable as well.

It should be noted that the above-outlined procedure follows steps

that are the reverse of those usad in moit other rocket radiation signature

calculations. They usually start with plume surface emittance calculations

based on a surface temperature distribution that is computed from some fluid

dynamic model of the jet or plume. The unit surface emittances are then

summed in order to obtain the total radiation from the plume. Thus one

begins in these techniques with the most complex problem namely that of

finding an answer to the intensity, spectral, directional, and spatial dis-

tribution of -lume emission all at once, Having obtained such an answer

by means of numerous approximations, one then integrates out and "loses" all

,. T spatial information since it is not needed. In the approach developed in

"Chapter 3 on the other hand, only an accounting of total emission intensity

and spectral distribution Is developed, while directionality is added later

* via the view factor formalism. This approach, it would appear, Is in prin-

ciple less redundant and should give more accurate results, even though it

also makes use of vwrious inevitable approximatio.is.

3
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In developing the explicit radiation equations of Chapter 3,

several ad hoc ,or coarse approximating assumptions were employed such as
T + -L Te an 9=•Ve + .V Such approximations are

M 3r e+3r M 2 e 2 exh*
mathematically and physically not elegant and future efforts should be

directed towards obtaining more exact expressions for these bulk-averaged

parameters. Nevertheless, the savings in calculational effort that such

simple approximations afford are immeasurable and much to be preferred over

schemes that involve detailed flow-field calculi'tions.

The fading of the CD mechanism at high altitudes due to the

disappearance of an atmosphere, which was handled by the "fade-out" factor

fCD (Eq. 3.239), should also be examined in moere detail. Similarly use of

the "smoothing factors" exp-(•H/bi) which let TQ Th in deep space, should

be further s(2utinized.

Another area finally that needs further examination is the effect

of radiant and'molecular energy exchange between solid A1203 particles and

gas molecules in the exhaust plumies of solid rockets. Qualitatively one may

expect that the particles will act in the manner of an added capacitance and

delay the ultimate release of the exhaust gas energy via radiation. Thus the

effect~ve radiative plume length of two-phase plumes with entrained particles

should be somewhat longer Lban the length of a purely gaseous plume.

Another difference between purely gaseous plumes and plumes that

have entrained particles Is that the particles, If heavy enough, will cul-

lectively form a tighter jet or beam with a smaller flare angle than that of

the gaseous jet (Ref. IS). This separation of particle and gas flow should

become more and more noticeable at the higher a~tltudes where the gaseous

jet has a very large flare angle.
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Because of the energy conservation law, the total radiation

emitted from a plume containing particles should of cou'se be the same as

that from a pure gaseous plume but due to the effects mentioned above, the

emission from a particle-laden plume will be distributed over a slightly

longer equivalent cylinder. In addition to this modified spatial atstri-

bution, the presence of particles should also tend to change the otherwise

pure molecular spectrum towards a continuous Planckian spectrum. The

resultant spectrum from a two-phase plume should lie therefore between a

Planckian and molecular distribution of photon frequencies.

All the above two-phase flow effects should be of second order

however and the radiation as calculated by the formulas given in Chapter 3

should still be go-)d to first-order for most solid-rocket plumes, particularly

if observations are made in or near the stronger molecular emission bands.

One final comment that must be made here, is that it was tacitly

assumed in the theory of Chapter 3 that the radiative decay times T.i of the

excited levels under consideration are much less than the view time =s

= Vv/Ds T hat is we must hve that T Vv/Ds << I. If this is not so, as

for exampl3 in the case of microwave emissions from pure rotational transi-

tions, where T. minutes, the radiant emission expressions give in Chapter 3

must be multiplied by the factor:

i ,It *. 'v

( ;.)T - , for target-tracking observations (4.2)

* Dand:

(i e Pesc for Integrated-cloud observations (4.3)
TCO Ds
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Here Ti is the radiative decay time of level i, Vv is the rocket vehicle

velocity, e is the mean kinetic velocity of an exhaust molecule, and

Pesc = Pesc(Ds) is the probability of escape of an exhaust molecule from

the field-of-view of diameter D . Usually the condition r V /Ds << I is
s I V s

met however and the corrections (4.2) or (4.3) are unnecessary.

/

4/

/I
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APPENDIX A

REFLECTIVITIES AND EMISSIVITIES OF TYPICAL MATERIALS

As stated in section 3.1, the irradiance received at a sensor from

an illuminated or self-emitting object in space depends on four parameters,

namely cross-section, illumination or self-emission intensity, reflectivity

or emissivity, and the distance between the target and the observer. In

this appendix we shall consider the material effects of the target's surface,

namely the reflectivity p and emissivity c.

For most space objects of interest, one has that the transmissiviti

T 0, and in this case Kirchhoff's law states that the absorptivity a = e

so that:

S ' = I-p (A.I)

Both e and p depend on wavelength X and temperature T:

-. £ = e(X, T,) (A.2)

In textbooks on optical physics) s and p are also considered to depend

on the angle of incidence 0. For example for smooth surfaces whose rough-

ness iK less than the wavelength X , so-called "specular" reflection occurs,

and the angular dependence of e or p in the case of a non-conductor may

be derived from the relation:
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I -sin2 ( -X) + cos 2 ( ) (A.3)Po 2 - sin , (¢ + )Cos 2 (05.

where:

X sin (')sin (A.4)

0= angle of incidence

m = refractive index of surface material

In the case of conductors, the specular reflectiviy can be approximated by:

60 X - 2 4-3 cos 0_+ cos 2 0 (A.5)

60 X + 2 130 a X cos 6 + cos 2 0

60 a X cos2 ( - 2 /30 " Xa cos (b + I(A.6)

l 60 a X cos 2 0 + 2 430 X cos 0 + I

+ 0. 5 (A.7)

where:

X = w. .,ength, cm

a = electrical conductivity, ohm-cm

p± reflectivity for light with polarization
perpendicular to plane of incidence

p = reflectivity for light with polarization
parallel to plane of incidence

)30
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Po reflectivity of unpolarized light

Equations (A.5) and (A.6) are valid for wavelengths X above five microns

as verified by experiment, but may be used down to two microns. Below this

the assumption of Ohm's law used in the derivation of (A.5) and (A.6) becomes

invalid and absorption resonances become important (see Figure A-1).

* In Figures A-2 and A-3, curves are given of e I - p as a

function of angle of incidence b , based on Eqs. (A.3) and (A.7) for various

metals and conductors. Figure A-I gives the reflectance at normal incidence

(( = 0) of a number of metals. For strongly-transmitting surfaces, C can no

longer be obtained via Eq. (A.I) and the relations (A.3) or (A.7). However,

as stated, such materials are rarely used on spacecraft outer structures.

For surfaces which have irregularities (roughness) of dimensions

large compared to the wavelength, the reflectivity p (or emissivity e) will

no longer follow the relations (A.3) or (A.7), and the angular dependence of

p is the average of that due to a large number of randomly-oriented surface

elements on and between which not only one but often several reflections can

take place. For a large number of rough surfaces, one finds that the angular

dependence of the reflectivity of the surface follows a cosine distribution,

being highest in a direction normal to the surface and failing off to zero

at grazing incidence. Such surfaces are said to be "diffuse" or "Lambertian"

reflectors. Still other surfaces exist (such as a surface made up of many

shiny small spheres) which reflect "isotropically," that is all incident

or self-generated light Is reemitted with equal probability in all directions

and thus p is constant and independent of 0.
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OF EMITTANCE OF METALS OF EMITTANCE OF NONCONDUCTORS
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Instead of assuming p (or c) to depend on the angle of incidence 0b,

we shall incorporate all angular dependences for specular, diffuse or iso-

tropic reflection, in the exprcssion for the cross-section which as we have

stated in section 3.1 should contain by definition all geometrical effects.

The value for p to be used in all relations in this monograph will therefore

be t'at for n~ormal incidence, that is p = p('ýO). For diffusely-reflecting

surfaces this value of p is best determined experimentally (it is not equal

to p(OaO0) for a specularly-reflecting surface). Such experimental values of

p (or €) for diffuse surfaces are given in Figures A-I, and A-4 through A-0,

and in Tables A-I through A-4.

For most spacecraft the surface is close to that of a diffuse

reflector and thus values for e and p should be taken from Tables A-I and A-2

and Figures A-4 through A-10. Together with the diffuse cross-sections given

in section 3.2, these values for p and e then give the radiant intensity of

a space object.

Data on the spectral temperature dependence of e or P' are rather

scarce. In many calculations, variations of e or p with temperpture are,

neglected and values at T = 300 OK are assumed to apply. In Figures A-Il

through A-I4, the spectral temperature dependence of e for various types of

steel surfaces are shown. These curves indicate that the value of c may

change by as much as 50 percent, in going from 900°F (482°C) to 18000F (9820C).

"The tota, (infrared) spectrum-integrated emissivity changes with

temperature have been measured more extensively for various materials.

Figures A-15 through A-23 and Table A-4 show some of the published data on

the change of F = [de(.)/d&,]dX with temperature.
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FIGURE A-5. SPECTRAL REFLECTIVITIES OF ALUMINUM
SURFACES. A = evaporated aluminum, 25 pinch on
polished 6061-T6 aluminum; B = evaporated aluminum

(0.2 ,) on 1/4-mi! Mylar crumpled and stretched
(looking at aluminum); C = evaporated aluminum
(0.2 p) on 1/4-mil Mylar crumpled and stretched
(looking at Mylar).
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FIGURE A-6. SPECTRAL REFLECTIVITIES OF ALUMINUM
SURFACES. A = chromic acid anodize on 24S-T81
aluminum; B = sulfuric acid anodize on 24S-T81
extruded aluminum, chemically milled; C hard
anodize (I mil) on 6061-T6 aluminum (35 amp ft'2,

i 45 volts, 20PF),

311



FTD- CW-01 -01- 74 June 1974
Vol. I

so ' fC/C
SO A

S 40 -

0 

,'

0.15 0,50 0.75 1.0 2.0 3.0 40 5.0 S .0 - ,0 *.0 131 3 1 5 17 II I 15 JO
WAVELENGTH ($,)

FIGURE A-7. SPECTRAL REFLECTIVITIES OF COPPER SURFACES.
A = polished copper, 17 mils thick; B = Tabor solar
collector c.,,emical treatment (110-30) on nickel-plated
copper;4 C Tabor solar collector chemical treatment
(125-3C•, on nickel-plated copper.
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FIGURE A-8. SPECTRAL REFLECTIVITIES OF GOLD SURFACES.
A = immersion gold, approximately 0.03 mil, on nickel-
plated copper plate on 6061-T6 polished aluminum, aged
6 months In air, unpolished; B = vacuum-eva porated gold
on fiberglass laminate; C = gold ash (80 p) on 0.4-mul
silver on Epon glass; D = white gold on polished
MIL-S-5059 ste•l 1
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FIGURE A-9. SPECTRAL REFLECTIVITIES OF SILICON
SURFACES. A = silicon solar cell of International
Rectif'er Corp; B = silicon solar cell, Inter-
national Corp. 1.11-p evaporated coat, SiO-fast
deposition rate; C = silicon solar cell, Hoffman
Corp. Type 120-C, 3-mil glass cover.

so -
A

I 60 A

D3

B

40 " A A

20 C A D

A AAý

0.35 0,50 0,8 8, .0 2.0 31.0 4.0, ,0 6. 0 7I .0 7,0 II 83 85 87 19I 23 .3 25

WAyLENO'r81 (i.)

FIGUPE A-IO. SPECTRAL REFLECTIVITIES OF PAINTED
SURFACES. A = flat white paint, Fuller No. 2882
on 2-mil polished aluminum; 3 = white epoxy resin
paint of Mg; C = flat white acrylic resin,

t •!Sherwin-Williams M49WCS-CA-10144; MIL-C-15328A
pretreatment wash coating on 22-mil 301 stainless
steel 1/2 hard; D = white paint mixed with
powdered glass, 7-mil on polished aluminum.
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TABLE A-2. NORMAL SPECTRAL EMISSIVITIES AT 295°K

(Wavelength in microns)

Material 0.50 0-60 U.801)0 LI 2.0 .0 .0 5.0 1 7.0 0.0 1 10 12 14
lmnum ........ ... 026 180 12008-0.07 0- i 02 02

Antimony ...................... 0 470.460 430 400,350 320 310.29 0. 28 0.2 _ 0.28
Bismuth ..... ............... . 0. 3 0 .... ...... . 0.17
Crdmium .............. . 0.20' 13 07000.040,02 0.02 0 0 .0 1 0,01
Chrom.im ................ 440 43 .. .3.10.220 .... 0.1o,...0,08.
Cobalt..... .................. ... . .0.0.03

Copper ................. . ... 0. .
Copper.electrolyticaluly......... 00 4700 17
Copper, commercially pure ...... 0.5620 280.40 18050 103 ... 0 70.0 000 0 02

%)Niel .. ......... .......... .. ... .... .0 . -. _ 0,02
ikGold, electrolytically deposited. 0.390 6 .. 0 0. 03 0 00 0 060 02. 00 0.02

Grlphita .................... ..7. 7. .0.7 07 0 GS0.5 20 O2 2i
Pitdium................... .. ... 0.45.... 0 20 0. 0 0.05 0.03 0.040.03 0.04
Iron .................... ..... ... 0.43 . ... 0.00 0 07 . 06.. . ... 0 .05
Lead ......... .............. . .3 . . . .. i . . . 10 06005..... ..... .... 0.04
MaRgesium................... .(.2 0.260.26;01 20010.20 0 C ,07 0o 0 050 o1

Siicn.....................1088.,0207 07 .OI . 0100

Molybdenum ......... 0530520A8042 1 0 2 0.10)0. 080. 07 0. O0 06 10 03

Nickel ...................... 0100.. 7.... .. 0 212 ...o0 .0 .Nickel, eetroically deposited ... 0. 2 1 . 70 NO 00 06 0 0.05 ...... .03
Pallurium ................. .... .02 0.12 0 12'0 10'0 06 0.0 0.03
Plstin. u... ........... ........ 45 0' 20 10 91 0 .080 ,. 'fl 05.0 160 1 0.5 4
Platinum. electrolytically I I

deposite d ................... 0,00. ... 0,03710 00. 11 ý . 0 0610 L 05 0.04
Rhodium ...................... 0 4 0.23 0 390 [0 0 U 0. 08 I0 0710. 0 08 0

Sinve. ......................... ... . . 0 0 80 .. .. 0.03.. . . .. 0 .
Silver, chemically depo0ited30 020.02.. 0.01 0.01T&, taltm. ý ...... .205 .602 0. 0"0 OýO .M

Telluriumr . . ........ ....... .. .0 10 52 .010.:0. 47 0 30 43' .3 0 . 22•
Tin ........ .............. . . 0 3 1 2 0 2 ý24 0 190 . 10. 1I 0 1
Tungsten. ................. .- 50 .IS . .0 38 C0 06. . - O 051-, - -... . 04 0.'
Vanadium . .. . ............ ,4 4 0. 39'0 31 0 26 r0.2 . 184 0. 12 0 08
Z in o . ....... .... .. ... .. 0 .2010 ,08 0 .04 I0. 03 0 0 2 . 2 0 .0 1
M~sih'smare lnhlium/ __ 0.1 ... 01

(60 Al -r 
3

1 MN) 0 17 0 17 0.13... 0.11 0 10........0.08Sto.clu.,tmpered .. , 40 45 .037023017 . 100007.. .. .... 0.04
Stellita. 0. 36 a31 10.25 0 210,19 0 15 .. 2... 0.il

Braaa, Trobride fro.... in. '.0p 0 T u 0 03 0 02

Buic Reference8

1. Hottel's tabk from MAdams, "Heat Transtsion," 3d ed., McGraw-Hill Book
Company, Inc., New York, 1954.

2. Smithells, "Metals .. alidbook," Interscience Publishers, Inc., New York, 1949.
3. T. S. Holden and J..T. Greenland, fleport *. 6, "The Ccefficient 9f Solar Absrp-

tivity and Low Temlp:rature Emi~sivity of Various Mqterinls," A Review of
Literature to 1951. Comnmonwealth ,cientitic and Industrial Research Orsini-
zation, Division o" 13uildling .esarch, Victoria, Austealia.

4. E. Schmidt nrid L. ,iarthmann, .M1t. Katser- lilhelnt, init. Eisenforsch, Dassetdorf
109, 225 (1928). (Coitaiu.i comrpeheisive bibliography.)

5. G. B. Wilkes, "H1at Insiflatio'i," John Wiley & Sons, Inc., New York, 1950.
"6. R. B. Dinjgle(. P'hsicc 19, 311-347 tpt.. 1, 1953); 348-304 (pt. II, 1053): 729-736

(pt. I1!, 1953); 1187-1191 (pt. IV, 1953).
7. M. M. feynohls and N1. M. iuik, unpublished data, NBS, AEC, CEL.
8. "International C,'itival Tables."
9. NI, Jakub, "Hfeat Transfer," vol. 1, John Wiley & Sons, Inc., New York, 1949.

10. G. Rihaud, Trait6 de pyromdtrie optique, leey. opt., 1931.
"11. Landolt-Mirnstein tabl.s.
12. "Temperature-ltN 5leasurertnent and Control in Science and Industry," Reirhold

Publishdhg Corporatini, Now York, 1941.
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TABLE A-4. TOTAL NORMAL: EMISSIVITY

Emissivity

Material Temp, (total normal)

Aluminum, anzeaed (clectropolished) .............. 1000t 0.07
500 0.04
300 0.03
300 0.018 (768K)
300 0.011 (4-K)

Aluminum oxide laytr:
0.251 thick ................................ . .. 311 0.06
0.50u thick .................................... 311 0. I1
I.,0j thick ..................................... 311 0.30
2.0 thick ..................................... 311 0.65
3.0 & thick ................. ..... ............. 311 0.70
4.0, thick ............................... .. 311 0.70
7.0s thick ....................................... 311 0.75

Aluminum lacquer layer:
0.5U thick ..................................... 311 0.05
1.0j, thick ..................................... 311 0,08
1.6p thick ..................................... 311 0.1.5
2.0u thick ................................ .... 311 0.30
3.0& thick ................................ .. 311 0.38
4.0)A thick ........ ..... .................... 311 0.41
5.0,A thick ................... 311 0.45
8.0p thick ................................. 311 0.67

Aluminum:
Commercial plate ........................... 373 0,09
Commercial plate, polished ..... 373 0.05
Commercial plato nipped in IINO ......... 373 0.05
Commercial plate dipped in hot hydroxide. .. 373 0.04
Al vaporized on 0.0005-in. Mylar plastic (both sides) 300 0.04 (760K)

Antim ony .... . .. ................... . . 295 0. P8
Bismuth ...................................... 1000t 0.3

373 0.06-0.19
Brass:

Polished ..................................... 373 0.03
Rolled plate ............................. 300 0.06

8him stock 65/35 ...................... .. 205 0.029 (70-K)
205 0 018 (40K)

? Oxidized .................... .......... .. 500 0.60
"373 0.00

"Cadmium ...................... ... ... 300 0.02
Ele.tcoplatc (mossy) ..................... .. .... 20b 0.03 (76°K)

Chromium .................................. .300-1000 0.08--0.26t
Plated on copper ....... ........................ 300 0. 08 (76°K)
Plated on iron ................................. 370 0.08

Cobalt .................................... 295 0.03
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TABLE A-4. TOTAL NORMAL EMISSIVITY (Cont.)

Temp., lErmissivity

Material pK (total normal)

Copper:
Black oxidized ................... 300 0.78
Scraped .............................. . 300 0 .07
Commercial polish ......... ......... 300 0.03

Electrolytic, careful polish ..................... 35:1 0.018
Electrolytic, careful polish ................ .... 295 0.015 (760K)
Chronmic acid dip ........................ ..... 295 0.017 (760 K)
Polished ................................... . 295 0.019 (76-K )
Liquid honed ................................ 295 0. 088 (76-K )
Electrolytic polish .............................. 295 0. 006 (4-K)
Mechanics) polish ........................... .. 295 0.015 (4°K)
Carefully prepared surface of pure Cu ............. 295 0. 008 (90°K)

Gold ............................................ 300-1400t 0.02-0.031
0.001 5-in. foil (on glass or Lucite plastic) .......... 295 0.01 (78-K)
0.0005-in. foil (on glass or Lucite plastic) .......... 295 0.016 (76-K)
0.000040-in. roil (on glaw or Lucite plastic) ........ 295 0.023 (76-K)
0.000010-in. lewJ (on glase or L~eite plastic) ......... 295 0.063 (76°K)
Au vaporized onto 2 sides of 0.0005-in. Mlylar plastic 295 0.02 (76°K)
Au p.'te 0.0002 in. ou stainless steel (1% Ag in Au) 295 0.025 (76°K)
Au plate 0.0001 in. on stainless steel (1% Ag in Au) 295 0.027 (70-K)
Au plate 0.00005 in. on stainless steel (1% Ag in Au) 295 0. 027 (76°K)
Au plate 0.0002 in. on copper (1% Ag in Au) ....... 295 0.025 (76*K)

Iridium .......................................... 295 0 .04
Iron:

Electrelyti††††††††††††. * .. ††††††††††††††† 450-500 0.05-0.0651
533 0.07
373 0.05
295 0.05
300 0.017 (0 0-K)

Oxidized ........ ...... ......... 1500 0.89
373 0.74

Cast iron, polished .......... ............ ..... 311 0.21
Cast iron, oxidized.... .................... 311 0.63
Cast iron, oxidized .......................... . . 533 0.66
Cast iron, oxidized .......... ..... .. .... 811 0.76
Iron sheet, rusted red.................. 295 0.69
Galvanized iron......................... 365 0.07

Stitiless, polished ...................... 373 0.08
"Stainless, type 302...................... 30( 0.048 (76°K)
Stainless, oxidized ........................ 300-1000 0.79?i •::, La~d:

Unoxidized, polished ............. ............ 400-500 0.057-0.0751

Unoxidized, polished .................... . ..... 373 0.05

0.004-in. foil ........ ......................... 295 0.036 (76°K)
295 0.011 (40K)
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TABLE A-4. TOTAL NORMAL EMISSIVITY (Cont.)

Temp., ;.Yity,

TaelOK (total normral)

Oxidized at 473: K ........................... ... 473 0.63
G ray oxiulized ............ ... .................... 295 0.28
Red lead. ................. 373 0.93

M agnesium .. ................. ................. 295 0.07
53.3 0. 13 (295-K)
811 0.18 (295-K)

1000 0.21 (295°K)
M anganin, brighL rolled ............................ 391 0.048

295 0.076 (295°K)
295 0.073 (900 K)

M ercury ......................................... 273-373t 0.09-0. 12 t
M olybdenum ........ ... ....................... 2300 0.24

1800 0.19
1300 0.13
373 0.07
295 0.05

Nickel:
Electrolytic ..................................... 811 0.10

533 0.07
311 3.06
295 0.04

Polished ........................................ 395 0 .045
Bright m atte ................................. 395 0.0,11
0.004-in. foil ............................... .. 295 0.022 (70°K )
Electroplated on iron and polished ................. 298 0.045
Electroplated on pickled iron and unpolished ....... 295 0.11
Electroplated on copper ....................... .. 300 0.03 (70 °)
Oxidized ........................... .......... 1500 0.85
O xidized ................................... ... 500 0 .37

Palladium ......... . ........................... 295 0 .03
Platinum ..... . ... ....... ................ 1367 0.18

811 0.10
&33 0.06
373 0.05
29 .003
200 0.0w6 (8-5-K)

Rhodium ..... ................................. 295 0.05
Plated on stainless steel ......................... 295 0.078 (769K)

Silver ............................................ 811 0 .03
373 0.005
295 0.022
273 0.02
295 0.008 (760 K)

Tantalum ........................................ 2300 0.26
1800 0.21
295 0.05
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TABLE A-4. TOTAL NORMAL EMISSIVITY (Cont.)

Emissivity
Material TK (total normal)

Tellurium ....................................... 295 0.22
Tin ............................................. 373 0.05

0.001-in. foil ................................... 295 0.013 (76°K)
295 0.012 (40 K)

1% indium .................................... 295 0.0:2 (40K)
5% indium .................................... 295 0.017 (4-K)
Tinned iron sheet .............................. 297 0.064

Tungsten, filament .............................. 2300 0.28
1800 0.23
1300 0.15
800 0.088
500 0.053
300 0.032
300 0.019 (85-K)

Zinc ............................................ 295 0.05
295 0. 026 (76-K)

Solder, 50-50 solder on Cu ......................... 295 0. 032 (76-K)
Stellite .......................................... 293 0.11
Monel metal:

Polished ....................................... 811 0.10 (295-K)
1367 0. 16 (295-K)

Smooth, not polished ........................... 366 0.16
Everdur, dull .................................... 366 0.11
Copper-nickel .................................... 373 0.059
Water ......................................... 273-373 0.92-0.96:
Ice:

Smooth, H10 .................................. 273 0.96
Rough crystals ................................. 273 0.985

Glass ........................................... 293 0.94
Lacquer:

W hite .......................... ............... 373 0.925
Black matte ................................... 373 0.97

Oil paints, all colors .............................. 273-373 0.92-0.961
Enamel ......................................... 295 0.90-0.95
Candlesoot ...................................... 273-373 0.952
Plaster .......................................... 273-373 0.91
Paper ........................................... 373 0.92
Rubber, hard, glossy plate ......................... 207 0.946
Quartz (fused) ................................... 295 0.932

t Li4uid phasm.
t Linear intarpolation fairly urastt.
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S1.0 Sandblasted A-418]

| ~ ~0 9oxid;zed • •.
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FIGURE A-ll. SPECTRAL EMITTANCE CURVES AT 900°F
FOR TYPE 321 STAINLESS STEEL SPECIMENS WITH
DIFFERENT SURFACE TREATMENTS (COATING THICKNESS
APPROXIMATELY 2 MILS). (Ref. 22)

Sondblost*'d
1.0 ojd-ýed -7A-418

/Polished '

"-6 05 / oxidized --

.10 4 --1 41
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Wavelenq!h x, microns

FIGURE A-12. SPECTRAL IMITTANCE CURVES AT 1806:'F
FOR TYPE 321 STAINLESS STEEL SPECIMENS WITH
DIFFERENT SURFACE TREATMENTS (COATING THICKNESS
APPROXIMATELY 2 MILS)- (Ref. 22)
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FIGURE A-13. SPECTRAL EMITTANCE CURVES AT 900CF FOR
INCONEL SPECIMENS WITH DIFFERENT SURFACE TREATMENTS
(COATING THICKNESS APPROXIMATELY 2 MILS). (Ref. 22)
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FIGURE A-14. SPECTRAL EMITTANCE CURVES AT i8OOF FOR
INCONEL SPECIMENS WITH DIFFERENT SURFACE TREATMENTS
(COATING THICKNESS APPROXIMATELY 2 MILS). (Ref. 22)
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9 As RI"'ived .'
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-400 0 400 g00 1200 1600 'OOO 2400

TU•MPE-RATURE ('F)

FIGURE A-15. NORMAL TOTAL EMISSIVITY AND TOTAL SOLAR
ABSORPTIVITY OF INCONEL X. (Note: temperatures are
those to which samples had been heated before tests.)
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Polished

NU 0.2 - Vapor blasted -0.2
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1000 2000 3000 4000 5000

TEMPERATURE2 (OF)

FIGURE A-16. HEMISPHERIC TOTAL EMISSIVITY AND TOTAL
SOLAR ABSORPTIVITY OF MOLYBDENUM
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0.0 - • As Pleceived -/ .S

0.8 - -~ /0.6
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i ~ ~TEMPFUTU•]E (OF) .

FIGURE A-17. NORMAL TOTAL EMISSIVITY AND TOTAL SOLAR
ABSORPTIVITY FOR K-MONEL. (Note: temperatures are
those to which samples had be,3n heated before tests.)
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FIGURE A-18. NORMAL TOTAL EMISSIVITY AND TOTAL SOLAR ABSORPTIVITY FOR
301 STAINLESS STEEL. (Note. All measurements made at 100CF.
Temperatures are those to which samples had been heated previous to tests.)
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~ 0.8 : As Received /'0,
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FIGURE A-19. NORVAL TOTAL EMISSIVITY AND TOTAL SOLAR ABSORPTIVITY FOR

316 STAINLESS STEEL. (Note: All measurements made at iC00F.
Temperatures are those to which samples had been heated previous to tests.)

0.8 - : *,Clean and S /oth .0.8
IIAs Received
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FIGURE A-20. NORMAL TOTAL EMISSIVITY AND TOTAL SOLAR ABSOR'TIVITY FOR

347 STAINLESS STEEL. (Note: All measurements made at 1009F.

Temperatures are those to which samples had been heated previous to tests.)
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FIGURE A-21. NORMAL TOTAL EMISSIVITY FOR 1B-B STAINLESS STEEL
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FIGURE A-22. HEMISPHERICAL TOTAL EMISSIVITY, NORMAL TOTAL
EMISSIVITY., AND TOTAL SOLAR ABSORPTIVITY FOR TANTALUM".............................
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FIGURE A-23. HEMISPHERICAL TOTAL EMISSIVITY OF TUNGSTEN
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APPENDIX B

SPECTRAL CHARACTERISTICS OF BLACKBODY RADIATORS

AND SELECTED ILLUMINATORS

In this appendix the illuminance H or blackbody emittance WBB is

considered, which is needed in the radiant emiss'on expressions for vehicle

body radiations. We shall consider first radiation emitted by blackbodies

in section B.1 and then illumination sources in section B.2.

B. I BLACKBODY RADIATORS

Accnrding to Flanck's Law, the emission "-om a blackbody can be

expressed by the relation (Refs. 2 and 35):

dW(X,T) 2TT hc 2  = 3.741294 X 108 Watts (B. I)
dX X5 [explhc/(kIT)} - I1 ] s [exp( 14,388.6/1XT)-I1 m" 2

.Pm

where X is the wavelength in pm, T is in °K, and we used h = 6.6252 x I0"27

erg-sec, c = 2..9793 x 1010 cm/sec, k = 1.3804 X 10 16 erg OKI. The

total radiation from all wavelengths is given by the Stefan-Boltzman relation:

____ _T - Watts

St ot dW(, T dX 5.679 x 10 T , 2 (B.2)
t o 0

The maximum value of dW/dX is given by:

1 .-90 x 10-' T5  Waintts (B.3)max
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The wavelength X at which dW (dW) is given by Wien's displacement
max dX dX max

law:

X T = 2897.8 pm. 0 K (B.4)max

Values for the total radiation from all wavelengths between 0 and X , that

is W(XT) =fdW(X,T) are tabulated in Tablc B-I, while Table E-2 lists

values for Wt 41 dW(,T) and Wvuefo Wtot 0 =m. S./ ma o,

The total radiation in any wavelength interval between XI and X 2

H(X -X2,T), can be obtained from Tables B-I and B-2 from the equation:

X2

f c'W(X,T) W(X2 -xIT) = W(X2,T) - W(XIT) (B.5)

Instead of the Planck function (B.I) which gives the emitted spectral

radiance per unit wavelength interval, the radiance per unit wavenumber

interval is often useful:'

dW dW dX 2TT hcv 3  1.24796 x 10-15 V3  Watts

dv dX dv exp(hcv/kT) - [exp(I.43886 v/T) - I ' 2. Hb

(B.6)

The spectral radiance per unit solid angle or spectral "steradiance"

is given by (Ref. 2):

N (X, T,O) dW f (n) Watts (B.7)
Sm 2. plm. ster

32
i
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TABLE B-I. BLACKBODY RADIATION FUNCTIONS

r

-ýT o dX f dW
XT, dW/ dX ~XT, dW/dX O_ _ dX

pm • deg (dW/dX)aI dX Prm. deg (dW/dX)max f dW

500 2.999 x I0"7 1.316 X 10-9 800 1.382 X 10-3 1.657 X [0-5

slo 4.775X Ix07 2.184x 10-9 810 1.621 x 10-3 1.997 x 10-5

520 7.452 X 10-7 3.552 X 10-9 820 1.893 x 10-3 2.395 X 10-5

530 I. 142 x 10"6 5.665 x 10-9 830 2.201 x 10"3 2.859 x 10-5

540 1.718 x 10" 6 8.871 x 10-9 840 2.548 x 10-3 3.398 x 10-5

550 2.545 x t0-6 1.366 x 10-8 850 2.938 x 10"3 4.020 x 10-5

560 3.709 x 10"6 2.068 x 10-8 860 3.373 x 10-3 4.735 x 10-5

570 5.326 x 10- 6 3.084 X 10-8 870 3.859 x 10- 5.555 x 10-5

580 7.544 x 10-6 4.532 x 10-8 880 4.397 x 10"3 6.491 x 10-5

590 1.054 x 10-5 6.568 X 10"8 890 4.993 x 10-3 7.556 x 10-5
600 1.455 x 10-5 9.395 X 10-'1 900 5.651 x 10-3 8.763 x 10-5

610 1. 9 85 x 10-5 1.327 x 10-7 910 6.373 k 10-3 1.013 x 10"

620 2.676 x 10"5 1.853 x t0"7 920 7,165 X 10-3 1.166 x 10-4

630 3.570 x 10"5 2 .558 X 10"7 930 8.030x x0"3 1.339x 10"4

640 4.713 x 10.5 3. 4 9 3x 10-7 940 8.973X 1I-3 1.532 x 10"4

650 6,613 X 105 4.,721 x 10"7 950 9.998 X 10 3 1.747 x 10-4

660 7 . 9 84 x 10-5 6.319 X 10"7 960 1.111 X 10-2 1.986 x 10-4

S670 1.025 X I0 4 8.380x I10-7 970 1.231 x 10-2 2.252x 10-4

680 1.305 X 10-4 1,101 X 10-6 980 1.360 X 10"2 2.546 x 10.4
690 1.649 X 10-4 1.435 X I0"6 990 1.500 x 10-2 2.870 x 10-4

700 2.066 x 10-4 1.856 X 10"6 1000 1.649 X 10"2 3.228 x 10-4
10- 4  0-6-24

710 2.571 x 2.380 x 106 1050 2.563 x 10-2 5.591 X 10-4

-_-4 -6 -2 -4720 3.176 x 10 3.030 x 1" 1100 3.785 x O" 9.162 X 10"
-4 -6 '-2 -3730 3.897 x 10 3.031 x 10 1150 5.350 X "0 1.431 x 10

740 4.751 x 10-4 4.610X 10-6 1200 7.281 x :0-2 2.145X xt-3

750 5.757 x I0-4 5.999 X 10-6 1250 9.588 X 10"2 3.099 x 10.3

760 6.934 X 10.4 7.436X 10-6 1300 1.227 X '0"1 4.336x 10-3

770 8.304 X 9.162 x 106 1350 1.530 x 101 5.897 x 10
4- 5 1 -3780 9.891 X 10- 1.122 X 10 1400 1.866 X 10" 7.822 x 10.

790 1.172 x 10- 1.367 X 10-5 1450 2.232 X 10 1.015 X 10
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TABLE B-I. BLACKBODY RADIATION FUNqCTIONS (Cont.)

x 1x
dx f I W dXXT, dW/dX 0 dXT, dW/dX U a-

pm m deg (dW/dX) co pm deg (dW/dx)
max f dW Xmax f d

_______ __ _ _ _ _ _ _ _ _ _ _ _ _ 0 dX

1500 2.622 x 10"1 1.290x 10"2 620C 3.453 x 10"1 7.544 X 10-

1550 3.032 x 10"1 1.610 X 10-2 6400 3.193 x 10-1 7.694 x 10"1

1600 3.457 x 10 '.979 X 10-2 6600 2.956 x 10-1 7.834 x 10-I

1650 3.892 X 10-t 2.396 10- 2 6800 2.737 x 10-1 7.963 x 10-1

1700 4,332 X 10-I 2.862 x 10-2 7000 2.537 x IC 8.083 x 10"1

1750 4.772 x 10-1 3.379 X 10-2 7200 2.354 x 10"1 8.194 X 10-1

1800 5.208 X 10-I 3.946 x 10-2 7400 2.183 x 10"1 8.297 x 10-I

1850 5.636× X10"1 4.561 x 10-2 7600 2.030 x 10-1 -

1900 6.053 X 10-I 5.225 x 10-2 7800 1.888 x 10-1 8.481 x 10-1

1950 6.455 x 10-I 5.935 x 10-2 8000 1.758 x 10-1 8.564 X 10-1
2000 6.840 X 10"1 6.690 x 10- 2  8200 1.638 x l0o- 8.641 x 10-1

2200 8.169x 10"1 1.011 x 10-1 8400 1.528x 10-I 8.713 x 10"1

2400 9.126 X 10"1 1.405 x 10"1 8600 1.426 x 10-1 8.780 x 10-1

2600 9.712 X 10"1 1.834 X 10"1 8800 1.332 x 10"1 8.843 X 10"1

2800 9.972 X 10-1 2.282 X 10"1 9000 1.246 x 10-1 8.901 X 10"1

3000 9.971 X 10-1 2.736 x 10"1 9200 1.166 X 10-1 8.956 x 10"1

3200 9.771 X 10-I 3.185 X 10"1 9400 1.093 x 10-I 9.007 X 10-1

,400 9.432 X IC 3.621 x 10" 9600 1.024 x 10 9.055 x 10

3600 8 .999 x 10-1 4.040 X 10"1 9800 9.613 X 10"2 9.iOO X 10"1

3800 8.512 X 10-1 4.438 x 10"1 10,000 9.029 x 10-2 9. 143 X 10-1

4000 7.997 X 10"1 4.813 x 10"1 11,000 6.679 x 10-2 9.319 x 10-1

4200 7.475 X 10 5.164 x 101 12,000 5.035 X 10 2  9.451 X 10

4400 6.961 X 10"1 5.492 x 10-1 13,000 3.862 x 10-2 9.551 x 10"1

4600 6.464 x 10"1 5.796 x 10"1 14,000 3.007 x 10-2 9.629 x 10-1

4800 5.990 x 10- 6.079 X 10" 15,000 2.375 X 10-2 9.690 x 10"1

5000 5.543 X 10"1 6.341 X 10"1 16,000 1.899 X !0-2 9.738 x 10"1

5200 5.125 X 10"1 6.583 x 10"1 17,000 1.536 x 10- 2  9.777 X 10"1

5400 4.735 X 10"1 6.807 x 10"1 18,000 1.255 X 10- 2  9.808 x 10"1

5600 4.375 X 10- 7.013 x 101 19,000 1.035 X 10-2 9.834 x 101

5800 4.042 >e 10"1 7.204 x 10"1 20,000 8.612 x 10-3 9.856 X 10"1

6000 3.735 x 10 7.381 X 10

330"• ••'" qm .... "••"" -' ':•:• ' '•' -•" •- .V•"T •':---Y•,.r ---3-r .- : : :• y".•;;"" ........ " '1 -'• -
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TABLE B-2. TOTAL BLACKBODY RADIATION

dKW dXW (dW/cd) max T Wt d (dW/dX)max

T, 0K tt -2 -I Tot -2
0 -2 Watt m pm 0 -2 Watt m pm

Watt m Watt m

I 5.679X 10-8 1.290X I0"12 250 2.218 X 102 1.260 x 10

5 3.549 X lo-5 4.030 x Io"8  260 2.595X 102 1.532 x 10

10 5.679 x 10 l 1.290 x I0"6 270 3.018 X 102 1.851 X 10

15 2.875 X 10-3 9.794 X 1o-6  280 3.491 X 102 2.220 X 10

20 9.086 X 10-3 4.127 x 10-5 290 4.0i7 X 102 2.645 X 10

30 4.600 X 10-2 3.134 x 10-4 300 4.6 0 0 X 102 3.134 X iO

40 1.454 x I0-1 1.321 X 30-3 310 5.245 x 102 3.692 X 10

50 3.549 x I0"1 4.030 x 10"3 320 5.955 X 102 4.328 x 10

60 7.360 x I0-1 1.003 x o0"2 330 6.735 x 102 5.047 x 10

70 1.364 2.168 x 10"2 340 7.589 X 102 5.860 X 10

80 2.326 4.226x o-02 350 8.522 x 102 6.774 X 10

90 3.726 7.616 X o-02 360 9.538 x 102 7.799 X 10

100 5.679 1.290 x I0-1 370 1.065 x 103 8.944 x 10

110 8.315 2.077x 10"1 380 1.184x 10 1.022 x 102

120 1.178 x 10 3.209 X 101 390 1.314 x 10 I.164 X 02

130 1.622 x 10 4.789 x 10 " 400 1.454 x I03  1.321 x 102

140 2.181 x 10 6.936x 10" 410 1.605x 103 1.494x I02

150 2,875x 10 9.794X 101 420 1.768 x I0 1.686 x 102

160 3.722 x 10 1.352 430 1.942 x 103  1.896 x 102

32
170 4.743 x 10 1.831 440 2.128 X t0 2. 127 x I12

3 2
180 5.961 x 10 2.437 450 2.328 x 10 2.380 x to

190 7.401 x 10 3.194 460 2.542 x 10 2.656 x 102
32

200 9.086x 10 4.127 470 2.771 x 10 2.958 x 102

210 1.105 x 102 5.267 480 3.015 x 10 3 3.286 x 102

220 1.331 x 10 2 6.647 490 3.274 x I03 3.643 x I02

230 1.590 x 102 8.301 500 3.549 X 10 3 4.030 x 102

240 1.885 x 102 1.027 x 10 520 4.152 X. 103 4.904 x 102
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TABLE B-2. TOTAL BLACKBODY RADIATION (Cont.)

-dX (dW/dX) max fdW (dW/dmax
-, Idm T, 0 K W tot X dWc mx)

-atm tt-2 -I
-2 Watt m2 pm -2 Watt m 2 m

Watt m Watt m

540 4.829 x 10 5.922 x 102 1080 7.726 x 104 1.895 X I04

560 5.585 X 103 7.103 X 102 1100 8.315 x 104 2.077 x 104

580 6.426 x 103 8.465 x 102  1120 8.937 x 104 2.273 x 104

600 7.360 x 10 1.003 x 10 3  1140 9.591 x 104 2.483 x 104

620 8.392 x 103 1.182 x 103  1160 1.029 x 105 2.709 x 104

640 9.527 x :03 1.385 x I03  1180 1.101 X 105 2.951 x 104

660 1.078 x 104 1.615 X 103  1200 1.178 x 105 3.209 x 104

680 1.215 X 104 1.875 x 10 1220 1.258 x 105 3.486 x 104

700 1.364 X 104 2.168 X 103  1240 1.343 x 105 3.781 x 104

720 1.527 x 104 2.496 x 103  1260 1.432 X 105 4.096 X 104

740 1.703x I04 2.862 x 10 1280 1.525x 105 4.431 x I04

760 1.895 x 104 3.270 x 103 1300 1.622 x 105 4.789 x 104

780 2.102 x 104 3.724 X I03  1320 1.725 x 105 5.169 x 104

800 2.326 x 104 4.226 x '0 1340 1.832 x 105 5.572 x 104

820 2.567 x 104 4.782 x I03  1360 1.943 x 105 6.001 10 4

840 2.827 x 104 5.394 x 10 1380 2.059 x 105 6.455 x 104

860 3.106 x 104 6.067 x I03  1400 2.181 X 105 6.936 x 104

880 3.406 x 104 6.806 x 10 1420 2.309 X 105 7.446x 104

,4 3 5 4
900 3.726 x 10 7.6!6 x 10 1440 2.442 X 10 7.986 x 10

920 4.069 x 104 8.500 X !03 1,460 2.580 x 105 8.556 x 104

"940 4.434 x 10 9.465 x 10 3 1480 2.724 x 10 9. 158 x 104

960 4.824 x 10 1.052 X 104 1500 2.875 x 105 9.794X 10

980 5.239 X 104 1.166 X 10 4 1520 3.031 X 105 1.046 X 105

1000 5.679 X 104 1.290 X 104 1540 3.194 X 10 I.117 X 105

1020 6. 147 X I04 1.424 x 104 1560 3.363 X 10 I. 192 X 105

!040 6.644 X 104  1.569 X 104 1580 3.539 x 105 1.270 x 105

1060 7.170 X 104 1.726 X 10 1600 3.722 X 10 1.352 x 105
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TABLE B-2. TOTAL BLACKBODY RADIATION (Cont.)

co (dW/d) max ,W dX, (dW/dX)ma

-2 d, T) K Wtot M -2 -

T, QK t ot f -2 l o -2p"
-2 Watt rn pm 2 Waatt m

Watt m - Watt m n

1620 3.912 X 105 1.439 X 10 2700 3.01B X 106 1.B51 X 106

1640 4.108 X 10S 1.530X 10 5 2800 .491 X 106 2.220 X 106

1660 4.312 X 105 1.626X 105 2900 4.0(7 O6 2.645X 106

1680 4.524 x 05 1.726x 105 3000 4.600X 106 3.154X 106

1700 4.743 X 105 1.831 X 10 3100 5.245 X 10 3.692( 106

1720 4.971 X 105 1.942 X 105 3200 5.955 x 106 4.328 X 106

1740 5.206 X05 2.057 X I105 3300 6.735 X 106 5.047 X 106

1760 5.450 X 105 2. 178 X 105 3400 7.589 X 106 5.860 X 106

1780 5.701 X 105 2.305 X 105 3500 8.522 X 10 6.774 > 1006

1800 5.961 X I05 2.437 X io 5  3600 9.538 X 106 7.799 X 106

1820 6,251 > 10 2.575 X 105 3700 1.065 X 107 8.944 X 107
1840 6.509 X 10 2.720 X 105 3800 1.184 x 107 1.022 X 10

1860 6.797 X 10 2.871 X 105 3900 1.314 7 10 I. 164 X 107

1880 7.094 x 105 3.0z9 X I05 4000 1.454 X 10 1.321 .0 107

1900 7.401 X 105 3. 194 X 105 4500 2.328 X (0 2.380 X 107

1920 7.718 X 10 3.365 X 105. 5000 3.549 X 10 4.030 7 to7

1940 8.044 X 05 3.544 X 105 5500 5.197 X 10 6.491 X 108

1960 8.381 X IO5 3.731 X 105 6000 7.360 X 107 1.003 X 108

1980 8.729 X 105 3.925 X !05  6500 1.014 X 108  1.496 X 1OB

2000 9.086 x (5 4.127 X 105 7000 1.364 X to 2.168 X 108
2100 1.105 x 60 5.267 5 10 7500 1.797 X 108 3.061 X 10

2200 1.3310 X 10 6.647 X 10 8000 2.326 X (08 4.226 X 108

2300 1.590 X 106 8.301 )< t05 8500 2.964 ( 108 5.723 X 10B

20 1.885 X 1 6o.027 X (0 9000 3.726 x t0 7.616 X (0 8
2500 62.218 x 10 1.260 X (06 9500 4.626 X 10 9.980 X 109
2 12.218 x 10 52 ,' 6 OOOO 5.679 x 1O8 1.290 x 10
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where ff() f or an isotropically emitting surface and f(n) m= (COSO)/TT

for a diffusely emitting surface (e = angle with the normal to the surface).

= NI dW

Values for N(%,@=0) -T - are plotted in Figure B-i,
x X II dX

while in Figure B-2 curves for No N (vTe=0) -are shcwn.
V dv ar

Figure B-3 shows plots of the same functions on a linear scale instead of

the logarithmic scale employed in Figures B-I and B-2.

Instead of the energy flux expressions (B. I) through (B.6) it is

often useful to employ photon flux or "fluence" expressions which are related

to W, H, and N b,, a factor l/hv. For example the photon fluence (T

h NX(XT•n) and t(vT,)= N (vT,C). In Figures B-4 through B-6

curves of X( XTe=O) andI V(vTO=0) are shown.

For so-called "gray bodies," Kirchhoff's Law states that the

emission WGB may be expressed by:

dWGB dWBB Watts (B.8)
dX P ) d) ' m2 2Pm

where e(X) is the emissivity. It e(X) s 9 is constant or may be averaged

over the waveleogth range from X and X2 , as is often the case, we can

write:

WGB(X-kX 2 ,T) = • WBB(XI X2 ,T) (B.9)

Values for • and e(X) are given in Appendix A.
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Frequency (Hz= seJ I)
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I ~~Wavelength (Hb m)1

frequ,ýnclles less than 3 x 1012 Hz or wavenumber 100 Hb, the
curves continue to be linear (plotted on logarithmic scales). The
diagonal line, intersecting the curves at their maxima, shows
Wien's displacement law. (Figure fromr P. R. Gast, Ref. 24.)
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FIGURE B-3. SPECTRAL RADIANCES PER UNIT WAVELENGTH AND PER UNIT

FREQUENCY FOR BLACKBODIES AT VARIOUS TEMPERATURES (OK) PLOTTED ON
"ARITHMETIC SCALES. The dashed and diagonal lines show Wiern's
displacement law. (Figure frcm P, R. Gast, Ref. 24.)
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FIGURE B-6. PHOTON FLUENCES EMITTED BY BLACKBODIES AT VARIOUS

TEMPERATURES tK) PLOTTED ON ARITHMETIC SCALES. (Figure from

P. R. Gast, Ref. 24.)
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B.2 SOLAR AND PLANETARY ILLUMINATORS

The main sources of illumination which will be encountered in space

vehicle observation work are:

Natural Sources

a. Sun

b. Earthshine

c. Moon, Planet, and Star Light

Man-made Sources

d. Lasers

Radars

In the following we shaoi briefly review the intensity and spectrum of natural

illuminators.

The radiation received from the sun outside the earth's atmosphere

has a spectral distribution as shown ;n Figures B-7 and B-8 (see also

Figure 2-4 and Table 2-4 of section 2 of the main text). This distribucion

is close to that of a blackbody radiator at 58000 K. The radiation energy flux

from the sun near the earth is H 1390 Watts/m 2 . Since this radiation

originated at a distance of 1.496x I0"l meters or 92,950,000 miles from the

earth from a source 6.95 x 108 meters (432,500 miles) in diameter, it may for

all pracvical purposes be concidered to propagate unidirectionally or parallel

over the I to 100-meter dimensions of typical space vehicles.

Figure B-7 shows the approximately 40 percent of the solar

irradiation is in the visible, 9 percent ir the UV, and 51 percent in the

infrared. We hhve thus thaf:
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FIGURE B-7. SOLAR~ RADIATION INTENSITY ABOVE THE

ATMOSPHERE AT EARTH'S DISTANCE FROM THE SUN. (After

F. S. Johnson and J. C. New.)
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FIGURE B-8. SOLAR ULTRAVIOLET RADIATION OUTSIDE THE
EARTH'S ATMOSPHIERE. The measurements are smoothed

over 50-A spectrtl) intervals. Blackbody curves are

shown for comparison. (After data reported by
Johnson,, 1954, and by Detwiler et a]., 1961.)
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I

H (1000 - 4000 .) 125 \1/m'
SUV

H (4000 - 7500 556 W/m2
Sv isble

H (0.75 - 100 Pm) 709 W/m2
SIR

Since most space activities of significance occur within 500 miles from the

earth, the above solar irradiation values may be assumed constant. Even at

synchronous altitude of 35,880 kilometers or 22,300 miles, the solar constant

only varies by:

AH(synchr altitude) -+2 (35;88 + 6.37) x 106

H _2 1. 496 x !0l 0.55 ( .0

The irradiance due to solar light reflections from the earth were

considered in section 3.2.2 where it was shown that:

Hearth = aFHs (B. II)

The albedo a varies with wavelength and has values between 0.32 in July

and 0.52 in October for the visible spectrum. An average value of 0.39 is

often assumed. The irradiance factor F is plotted in Figure 3-8 of

"section 3.2.2. Since it tias a ma<imum value of about 0.9 and an average

value of about 0.44 a' 100 miles altitude, a maximum and average value of
max

respectively e~th • 195 and H 98 Watts/m may be assumed for

earth-reflected r diation in the visible. In Figure B-9, somo measured

albedo spectr, distributions are shown for various sky conditions.
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FIGURE B-9. RELATIVE SPECTRAL DISTRIBUTION OF ALBEDO
RADIATION UNDER VARIOUS SKY CONDITIONS. (After Ref. 2.)
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THE THERMAL RADIATION LEAVING THE EARTH. The 288 K black-
body curve approximates the radiation from the Earth's
surface, and the 218 K blackbody curve approximates the
radiation from the atmosphere in those spectral regions
where the atmosphere is opaque. (After Ref. 2.)
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In addition to providing solar-reflected radiation, the earth

also emits in the far infrared since it is a large blackbody at approximately

0I

300 K. In Figure B-10, curves of the radiance due to thermal earthshine

are given.

The irradiance in the visible at a space target due to moonlight

or starlight can be shown to be:

Hfull moon 103 at/2

11al stars 2 X lo-6 Watts/rn2

in hemisphere

These levels are clearly insignificant compared to solar and earth-reflected

intensities. The same commvent applies to radiation in the UV or IR. If a

II

1.0 m,2 space target is to be dctected by visible light of the full moon in

the absence of solar radiation, a sensor at a distance of 25 miles from the

target would observe it as a 13th magnitude source. Since most space sen~sor

sys tems can a t mos t detec t 8t h to I10th maon itude s ou rces, l una r or s tel Ia r

illumination may be dropped from further consideration as a means of space

target detection.

The most promising source for space target illumination aside from

the sun is the laser. Since a laser is man-made and can be controlled, many

depen~dences imposed by nature such as the varying solar incidence and earth

obscuration which limit the usefulness of the standard optical observation

systems are absent.

The laser illumination of a target a large distance S away, is

given by:
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Slaser Watts
laser TT(CY S) 2 M 2

where o is the laser beam divergence in radiance, S is the distance in cm,

and P is the laser power in Watts. Laser beams with output powers P = 103

to IO Watts and a-- 10-3 to 105 radians exist today which can provide

continuous illumination intensities of ,-- 2 x 10" Watts/mr2 on a space target

at a distance of 20 km, or -- 2 X IO-2 Watts/m 2 in pulses of nanosecond

durations (see Ref. 54).
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APPENDIX C

VIEW FACTORS FOR DIFFUSE EXHAUST PLUMES

C.1 PRELIMINARY CONSIDERATIONS

If a gaseous body such as a cylinder, sphere, or cone is viewed

from a large distance, and if the photon fluence at the boundary of the gaseous

body is constant, one can readily show * that the radiant emission from the

surface must follow the well-known cosine law of diffusive reflection and

emission. That is the emission intensity W(Watts/m 2 ) per unit solid angle

dQ = 2Tn sinb d6 in direction 6 is given by:

dW Wtot(cos) Wts (C.1)
cc tt ( TOTSm Z. ster

where the ancle 8 is measured from the local normal to the surface and Wtot

is the total hemispherical emission per unit area (Watts/m 2 ). Thus if the

body is viewed from a large distance, th,ý effective emissive area is simply

equal to the projected area of the body on a plane perpendicular to the

field-of-view (fov) axis of the observer.

The "projected-area" law is evident if one consrders that the

photons that escape the plume in the direction of the viewer must be simply

"proportional to the projected surface area in the direction of the observer

as defined before if the fluence inside the plume is to be homogeneous,

isotropic, and constant.

*See Volume III, Rocket Radiation Handbook.

3'3&
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Now if the total surface area of the body of gas through which

rddiation excapes is Atot. esc. (M 2 ) and the total emission rate of

radiation is P (Watts) then clearly for constant surface fluernce:
tot

W Ptot Watts (C.2)
tot A: Atot. esc.

In general, for an irregular body with elementary surface areas dA , we mustP

integrate to obtain Atot. esc. , that is:

Atot. esc. f dA , m2  (C.3)

A
tot. esc.

The effective steradiance J = dP/dCl observed by a sensor whose

viewing -,one* intersects the body of gas (see Figure C-I) is then according

to (C.I) and (C.2) given by:

jdP J dW dA Ptot F (,D Gas Body Dim.) , Watts/ster
M M•_ p v s

A.intersection (C.4)

where we define the dimensionless geometric view-factor F((xD sBody Dim.)

by:

*The viewing cone may be approximated by a viewing cylinder for larqe
distances between the sensor and radiation source.
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4f cosf(Ap))dAr
A.

F (CYDsGas Rody Dim.) - J intersection (C.5)
Ptot

Atot. esc.

Here:

Aintersection= Area on gaseous body surfa, intersected by

the sensor'- viewing cone (or cylinder)

which faces the sensor, m,,2

Atot. esc, Total surface area ot gaseous body through

which radiation escapes, n)2

dA .' Ftemuntai suL-face area of gaseous body, m2

p

8(A p Angle betwe-n the local normal to the

elemental surface area dA and the sensor
0

line-of-sight

Angle between major axis through gaseous

body and the sensor line-of-sight

D Field-of-view diameter of sensor at the
S

gaseous body, m

Gas Body Dimensions Three or two major dimensions of gaseous

body which completely define it

,Notc that the view factor F is defined such that it reprec..nts tCev

correction factor that one has to apply reiative to the case that all gaseous

radiation were emitted from an equivalent point source for which:

P

o dP) tot Watts (C.6)Jpoint CC- Ipo! nt 4 ' ster

source
source

I- the folto-.'oc secticns we sh&all !erelov- •-kztelati-al t--.)rzssion, for I-

- -~ -'-t



June 1974 FTD-CW-0I-0I-74
Vol. I

C.2 SPHERICAL BODY OF GAS

It is clear that for a spherical gaseous body of diameter D , with
p

constant surface fluence (i.e., an opaque diffuse body), one must have:

P
tot Watts-- ( C .7 )

tot sphere TT D 2 m2
p

where Ptot is the total radiation emission rate of the gaseous body.

Now the sensor's fov diameter, Ds5 at the gaseous body is given by:

D = 2S tan(e/2) SO (C.8)
s

where:

e=-ov - Divergence or admittance angle of the sensor's fov.

S ý Range or distance between the sensor and gaseous body, m

If the sensor's line-of-sight passes through the center of the

spherical gas cloud and if D < D , we have the following relations betweens p

the various geometrical parameters illustrated in Figure C-2.

•, = sin- I (. )2S8' (C.9)

y 1 + 8' + sin 2 ') (C. 10)

p -

5 sin-) C. I I

P

Sie-)
S _. - C. 12
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The apparent steradiance observed by the sensor is then:

8 ---tan-(D /2S)

Zi=s in" '(Ds/D)
2

dsphere dp W tot d2' ter
Ss phere *

1'=0 (C.13a)

If 0' << ', that is if the sensor is very far from the sphere, we

can set cos(e'+P') , cos ' in (C. 13a) and this equat n can be shown to

reduce to:

W D 2  P D1
tot s tot s Watts (C,13b)

sphere 4 4r DP ster

and thus the view factor becomes:

D 
2

F :, (D < D ) (C.14)

Ste «<<

I. If the sensor is closer to the sphere, but still far enough such

. that we can approximate slne' ; 9' the Integration of (C. 13a) becomes:

0 =tan-'(Ds/2S) 2S of

sphere Wtot S D Cos 0 + !in "- 12S0' ?]p

p

rs Watts

2S' cos8' - ____ 9' do'~ se

81=0 L - D)

"-L I -1 (C. 15a)
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which after writing it in terms of the view factor F =-4- and with the
v P tot

aid of (C.7) yields:

_ 8 S2 1/ (Ds/2S\ /

(FV)sphereD I + (D /2S)' I I + (Ds/2S)2
s ir,(Ds/2S)p D /2S)

Stan-(4.)- 2 1- [1+2S(•- tan-' )2S

(C. Sb)

If we assume that (Ds/2S) << I and tan- (DS/2S) D s/2S,

Eq. (C. 15) reduces to:

tot 1 S) - I + I s.

sphere. tot s L p

(•s/2s << 1)

2s 2~ 21/)

1D 3 D1 D2)

(C. 16)

Equation (C. 16) Is seen to contain a second-order correction term over the

expression given by (C.14) If the assumption that 8 << f cannot be made, but
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(D /2S) << I does apply. Equations (C. 13) through (C. 16) applied for D <• D

For any value of Ds including D > 0 , we can combine our results and write:

2 D 3/

F~~ IP (

D 5 p

()pre=[i T)H(x) = I ) fo (Ds)0 (C(218)

i•Th• second-e~rder terms with the factor- and -D in

.(c.17) may be dropped In first-order calculations Note also that for

P, l D «<R and D «0 which means that the sphere is essentially a point source,p p s

whewe have from (c. 17) that e = I as It should.

D D

I,
The t

(3S

(C1)myb rpe nfrtodrcluain.Nt lota o
D <Rad0< hc en htte peei setal on ore
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C.3 CYLINDRICAL BODY OF GAS

Let the gaseous cylinder have a length L and diameter D * and letp p

the fov diameter be D again.** Let us also assume that the sensor is as

large distance from the cylindrical cloud so that all rays from the sensor

to all points on the cylinder axis make the same angle 0 with this axis

(see Figure C-2). Then there are four possible situations, each one of which

requires a slightly different integration over the cylinder's geometric

boundaries:

(a) 0 < D < D , or 0 < p < Is p

(b) D < D < L sine n or I < o : ?, sine
p p

(c) L sinot < D ! + D2' sina , or ? sin< <p • sincyp s p p

(d) rLJ +D' sine < D s , or % + is sino < p
p p s

According to Eq. (C.2) we have that:

Ptot = tot Watts
+ k /4) ' m(C.19)

to)cyl. A cyll* TE.( p p r Dp/4 2

where for a cylinder that can emit radiation through both ends and its sides

k 2, and for the case that radiation can only escape through the sides and
r

one end, kr ' I. For simplicity we set kr .- I in what follows (the case for

a cylindrical rocket exhaust), keeping in mind that the correction factor

kr = 2 must be applied In the denominator, if both ends can emit.

*We shall assume throughout that L > DP P
**The line-of-sight of the sensor is always assumed to pass through the

center of thi cylinder.
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The radiance Jcyl and view factor F are given by (seecyl VcyI .

section C. I):

tot proj = Ptot Aproj Watts (C.20)

cyl. TT "r2D (L + D /4) ster

4TT J cy I . 4 A p roj

vcyl. Wtot Acyl. Tp Dp(Lp+ Dp /4)p

Starting with case(a) and referring to Figure C-3, we have for the

chord x (parallel to the gas-cylinder axis) of the three-dimensional circle-

like surface cut out by the intersection of the fov cylinder with the gas

Lylinder that:

pD

x = - sin y , (C.22)

where y is an angle in the plane at right angles to the gas-cylinder axis

as shown in Figure C-3. The differential area of a strip is then:

DA p Dp -l sincts -71z dy (C.23)

S'p

••The radiation from the cloud as observed by the sensor is then given by:

iis "

Di 02 2D

S-I 02 /l(O /Dp

Jcyl. d wtot c/ s.6;_ ss 2 Watts
. W =r pyl. dy ster

=0 (c.24)
Y,2
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The angle 6 is the angle between the local normal and the line-of-sight to

elemental areas on the intersection surface. It is related to the angle -Y

by the equation:

co'; 8 cosy sina (C.25)

With (C.25) substituted in (C.24), the integration yields:

y=sin (D /Dp)

dP tot tot s WattsH- sin 2 y (cosy) dy o ster
cyl. 4 1- TT D4 ster

(D < ) cyl.

Y=O (C.26)

and thus according to (C.21):

p
2

(Fv)cy. - X + 0.25 H(l-p) (C.27)

D <D
s p

where we define for convenience:

p

p= Ds/Dp (C.2C)

s s

I PX = Lp/D (C.29)
Pp

For case (b), one finds similarly:

(F~y.- i-Ip)+sn Ip) • H(p-l) H(Xk sinot-p)

I<p!X sin3) (C.30)
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Case (c) yields next:

) ,)
Fvcyl. TT X + 0.25 2X, sino + 2 cosol

(X sino < p S jX T+ sina)

+ T- si coso -2 ,t- - sin .

H(p - X sine) H( 'I•+Tisin= - p) (C.31)

where:

L sinc - D L2 + D DA- LI 2 - DO

p c s FLtp Dp s- -_ __os a

D 2Icosl D V sinDP P c. 32')

•=,-Icot~l Dg + pp 0
DI Ict a DDc s =

,SS

(c.33)

Finally for case (d), one obtains:

r Icosal + 4/n) X slno H(p - •)+g'sina) (C-34)
,v i)cyl X + 0.25

is( sino < p :r=

The partial view factor relations given above can be combined

Into the one expression:
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(F)• 0.25 H(i-P) + T --TV1¾ p sin-'(p 'I H(p-,)
cyl.

H (X s i n-P + 2 2X s inot + .Icosci+ p2 (a- t T1 -'t2 - cos •
TTP 2  2(

2 sin H(p-Wsint)pr 2 T

(C.35)

where H(x) is the unit step function defined in ,(C. 18), p = D s/D , X = L /D
sPp P

and where for convenience we rewrite t and r in terms of p and X

X sin a- 0 2 2 + V x 2-p 2 + X sin ot - p
_____ Icos-dI

Icosol sin a

(c.36)

S--w t-cot]I - + ()

(C.37)

For a cylinder that can emit from both ends (and its sides), the factor

(X + 0.25) in the denominator of (C.35) should be replaced by (X + 0.50).

Equation (C.35) which is plotted in Figure C-4 (for X 3) may be

assumed to apply at all angles c If there is no obscuration. In the case of-I



FTD-CW-0 1-01-74 June 197/4
Vol. I

10

.771 1777. i.,. - 77c.
* .4 - --

. K '1
* 7~17~Kj

,..I,,..........
....................

I I Ct

U-

:3:

C..

a.. 0..

0 -J

C\j

040

364



June 1974 FTD-CW-0 1-01-71,
Vo I

an equivalent cylindrical rocket plIuo, there• is vehicle body obscuration

in the forwards direction ai. small anqles o. Howe,,er at medium to high

altitudes the ubsctiration is negligible, since the rocket body diameter D

is much smaller than the plume diameter Dp , and Eq. (C.35) may be used

at all angles a.

At the lower altitudes a correction for small values of o is

necessary to account for rocket-body obscuration. This correction amounts

to subtracting out the plume-shadowin9 projected area of the rocket body in

the direction of the sensor from the expressions given before. Assuming

again that the line-of-sight of the observer passes through the center of

the equivalent cylindrical plume, one obtains in the case that

D > NFL + D2"sint n
s p p

AF ]coseI H•. 0)(/Dr\2 (0)2'

(AFvcy. 0.25 Dp D Dc •. p

D > (sinot) ,. + P")
p p

si + 202 Hi:H* 02p - (sinot) %/ -

q (c-38)

The obscuration-corrected view-factor f-or D > (sino) IL2 + P2 is then:*Hý
s p p

(F) H(p-(sln) 25 )Icos, 4% sin* -T co,
Vcyl. X + 0.25 T

"(D >(slntv) vW +D)
S p p

r 1 q p

*For exaffpe at h 1 00 km) Dp, 200 m. while Dr, 10 m. so that Dr << DpI.

*-*The obscuration corr•.ctions that follow are in part due to R. Chardon.

5S365
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Here th. end- and side-obscuration diameters D rand D are defined o7:r q

D= D H(D - D) + D H(D " Dp , m (C.iO)

D = Dv H(D - Dp) + D H(D - D ) , m (C.41)

The pdrameter D is the rocket vehicle skirt or body diameter as illustratedV

in Figure C-5. D is thus always less or equal to D , while D is largerr p q

or equal to D .P

Making similar corrections to the othtr cases, the general

obscuration-corrected view-factor may be written:

Fv) l (X+ 0.25) H(I-P) P' " H(2-") H(p-X sini+ pXvICcos ) •

• H(p+ XA sinct- pxvCOSOI) • , + I'sin I X2+ p2 +
- Xp

- v+ H(r-a) H(px cosa - X sina-p) p2 +
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2( 2 2

4- X x 2 ( 2X sina' rv)' +-oi ý
p p

x p P (x /X- ) 2 + ~ x H~ X Ico~ l - X s i (x + x P )

sin Ic sQ1/ _ 2X + p2ng) x + PcsI X 2 (+ + )X P-L) +f'

~ \2- .11

(2(.+ r) +r si ffxp I X 22(2 - 22 +

+ CosaI T (.T. ) -~ I- )PX2)

1-H(p -X s inoa) H(f s1 ? si -P) [Cosa~ + 4X sia

+ p ( 4T~- sn'~ - coSaI (H a)'~

r() + X2(+ 1+in (X)2) )+4,
-oa Icso X 2 r

H ( I (l_ tr Ft2_____Cosr__rsi-__

r~j 2 'rrr/12 /- / 2



'=o~~~ 2 L .ster
a 1=0 1 - . i)DP I..1 a13L!~ (c. ISa)
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Here the additional dimensionless constants Xp P Xq 3 Xr ' 1v tr and

Cr were used for brevity, which are defined by:

Xp D = I/p (C.43)

Xq /DI (C.44)

Xr D DrID (C.45)

Dv/D (C.46)

: X - p/(sina) (C.47)

L sirr-D sLD-P' DD L+(LpItancil D Isecil)'- D2(D=r prs s s

Cr ¢(D =D L +s )2+,
D rcosoI D sing
r r (C.48)

r :(Dpr): = - ICotI l Xx-,+x r- I2- 2/X2X+ (XXp Itanlj - Iseca)- I

tt (c.49)

Equation (C.42) which gives the obscuration-corrected view-factor

F. omay provide values that are significantly smaller than Eq. (C.35) at low
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In carrying out computer calculations using the view-factors

(C.35) or (C.42), the parameters C and ý will approach limiting values when

(cosa) -. 0, as a - T!/2, which often give difficulties. For values of

Icosol smaller then some suitable cut-off limit, say lcosaol < 0.001, one

should assume • and • to take on the limiting values:

(I c 0 + -) (c.50)

1/2

(cosa• () G) D )}
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Tr 6 (Xh,s)= exp- 2.40 (30-h) exp- 3246.75 12.63 2 (H.20)6 sC o esa s

(03)

Tr (X~h, ) exp- 5.34XI0'e ( h e 3246.75 1263 2
cossO exp exp-; • exp- •

(03 7 soses38
03) (H.21)

Tr(~, x-0.381 hx. -) ep X -200) (H22

T8(he) s ep cosa5  1" \.09/f x- 357(H2)

(aerosol)

1.40 X 10"3 JX- 2oo00
Tr 9 (X,h,8S) =xp- Cosa s - exp- 20 05 (H.23)

(aerosol)

(aerosol)

Tr 1 (%,h,85  X e- 200(Hp5

Ss exp- 7 I0- (30 -h) exp-200

[ cXOSs -- 7a"
(aerosol)

Tr ( x.,h,•e) = exp- [ 7 h X - 200)] (H.26)

1 s Cosas 1.09 ep "357
i(aerosol)

In Eqs. (H. 15) through (H.26), we have:

469
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h Altitude, km

, = Wavlengthj nm

as Solar zenith angle, degrees or radians

Equations (H. 15) through (H.26) are given in terms of the photon

wavelength X. Often it is more convenient to express these relations in

terms of the photon frequency v c/X. If Av/v -,< I, we have that:

AC N (X (H.27)

Then since also:

X(nm) 300,000 (H.28)
v(THz)

we can reexpress Eqs. (H.I5) through (H.26) in terms of v as follows:

Tr (v,h,es) = exp- 95 exp- ( jh exp-. I - 1500)

(02 [ cos8e s 78 /I 1500

+ 5. 70 x 10 exp(v -2028.8 )2 + 7.86~ c105 exp (v-37308 )2 ] (H.29)

Tr2 1v51.5  330.8(-167

Sss

(03 ) L 92.4 j(.o

(0(1

Tr (vh,)e =ep 2U ( i. 1167 l (H.31)

cose exp- 92.4 /
(03) 

s
| (37
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Tr 4 (vhes) exp- [os2 exp- v -116 (H.32)

4o3 s2.
(03)

Tr v~,O ex-[1.543 Ix h -20) exp (- 1167\)2 (H33
5 oLes exp- 9 (H.33)

(003) )

Tr (v,h,• ) xp- 2.40 (30 -h) exp - -1167 2 (H.34)
6 scos e 92.4

(03)

Tr=(vhe exp- 5.34x 104 - J2 ) exp- v-(--1-1 )2 (H.35)

Tr (v,h,e) exp- 667±.~ $ -( h \? $ (84.2±• (H.36)
8 s [coses 1.09 1

(aerosol)

Tr 9 (v,h, 5 )= exp.[2.45 xI0-3 exp840.3 (H.37)9sc°Se s ex -- -)v(.7

(aerosol)

."Tr o(v,h, eS) :exp. 6.5 x 10 XcoosO" -(840.3)] (.8

I aersol

Tr12.26 X 10p 6.50 10840.3

Tr (..h~ exp (30-h) xp-(H.39)

r1 1 ,e OXP cose5  (0h x-v)
(aerosol)
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Tro (vth,) exp- exp- h-T- exp- (H.40)

(aerosol)

In Eqs. (H.29) through (H.40), h is again in kilcmeters a,'d:

v = Photon Frequency , THz(I THz = 1012 Hz)

Equations (H.14) through (H.26) provide a coarse (broad-band)

relation for the solar attenuation in the earth atmosphere which may be used

in evaluating SUAR radiation in section 3.3.7. Though approximate, Eq. (H. 14)

is at least better than assuming that all solar UV (X : 280 nm) starts at an

altitude h = 130 km and is absent below this altitude. This latter type of

assumption would have to be made as a zero-order approximation in the absence

of any other data.

As better and finer spectral transmission data become available

using tunable laser spectrometry, it should be possible to replace Eqs. (H. 14)

through (H.26) with much more accurate relations. In constructing analytical

expressions for these future equations, the theory given in section 4.8 of

Volume II and the general relations for atmospheric transmission given in

Volume V of the t•-ket Radiation Handbook would be needed.
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APPENDIX I

EFFECTIVE THROAT AND PLUME DIAMETERS FOR

MULTIPLE-NOZZLED ROCKETS*

In applying the radiant emission formulas of Chapter 3 to actual

rockets, a difficulty arises when a rocket has more than one nozzle. The

radiation expressions were developed for a one-nozzle jet and exhibit only

one parameter Dt (the throat diameter), on the basis of which the nozzle

exit diameter D and the plume diameter D may be calculated via thee p

one-dimensional rocket-flow relations:

D m (D.t)

1/2+ y I 12

E (Y - ) )(Y ) [ I- ( ] (1.2)

LDt D (1.3

If the one-dimensional adiabatic flow relations which lead to (1.3)

are inadequate, one may write more generally that:

*The material for this Appendix was provided by R. Chardon.
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--D = F'(PaP'Y) , m (1.4)
t

Here the function F'(paP•y) may contain two-dimensional and other corrections.a CL

The various parameters in the above relations are:

Dt = Throat diameter, m

E = Nozzle area ratio

D = Nozzle exit diameter, me

Dexh = Plume diair'eter assuming adiabatic expansion, m

y = '-js coefficient (y , 1.23)

Pe = Design pressure in nozzle exit plane, bars

PC = Rocket chamber pressure, bars

Pa = Ambient atmospheric pressure, bars

To estimate the iffective diameters D (,C' iocket plumes with NN

nozzles, or-- approach is to add the flow-through -reas of each nozzle and

takza an average diameter based on the total area according to the relation:

(D) N1/
2 Dt ) m (1.5)

__ 1 or more generally:

NN 211/2

Di) E[ (D -) , Im (.6)

Equation (1.5) or (1.6) may then be used In the radiation equations for D

when multiple-nozzled rockets are considered. However it will be shown

below that such a simple assumption, while reasonable at high altitudes,

underestimates the plume diameter at the lower altitudos.
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For reference purposes, diameters calculated according to the

expressions. (1.5) or (1.6) will be given the subscripý N. Thus:

t) (,t) one-nozzle(Dt)N k(o), m (I.7)

-- kN ( e m (1.8)

(De)N N ('e)one-nozzle

(P) N N(P)one-nozz le

where:

k N 1/2  (I. 10)N N

Note that all effective diameters, Dt , D , and D are scaled by the same

factor k M

To estimate multi-nozzle effects at low altitudes more accurately,

some simple geometric arguments will be used rather than a full-fledged fluid

dynamics analysis.* Such a "modeling" approach is more than adequate for

the purpose of radiance calculations.

Referring to Figures I-I through 1-9. a number of possible nozzle

configurations are shown whose effective values Dt , De , and D will be_• P

estimated by geometric modeling. Key parameters for nozzle diameter model-

ing are the multiple nozzle circle diameter CD (or rocket skirt diameter

D = CD + De (Figure 1-2)), and the seperatlon between nozzles SN (see

Fig. 1-9). In many cases SN is small or zero and the additional complication

of assuming a finite SN may be neglected as was done In Figure I-I through

*'Because the flow is supersonic the outer regions of the multiple jets can
initially not sense the Internal Interference shocks between nets. Hence the
simple geommtric considerations given here are adequate for the "early" part
of the plume.
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FIGURE 1-2. MODEL FOR SIX NOZZLES

FIGURE 1-3. MODEL FOR FIVE NOZZLES (PENTAGON)
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FIGURE 1-4. MODEL OF FIVE NOZZLES (CROSS)

FIGURE 1-5. MODEL OF FOUR NOZZLES
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FIGURE I-5. MODEL OF THREE NOZZLES (LINEAR)

FIGURE 1-7. MODEL OF THREE NOZZLES (TRIANGULAR)

479m,~



FTD- CW-01-01 -74 June 1974
Vol. I

FIGURE 1-8. MODEL OF TWO NOZZLES

FIGURE 1-9. GENERALIZATION OF MODEL TO INCLUDE
SEPARATION BETWEEN NOZZLES

4+80
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Figure I-8. However in the expressions that follow, the assumption of a

finite value for S will be retained.
N

Starting with the six-nozzle configuration shown in Figure 1-9,

one has:

CD = 2(DE+ SN) = 2(Dt NE' + SN) (I. )

Since the geometric plume diameter (Dp)G is:

(D) D 0 + C S2P ) G P D " ' *

one obtains for the case of:

a. Six Nozzles (Fig. 1-9)

(DP) = Dt(F(Pa,P,y) + 2 %'E)+ 2 SN (I. 3)

Here Eq. (1.4) was also used. For the other cases, one finds similarly:
C

b. Five Nozzles (Pentagon)

"D-D-(F(p
"(P) Pa'Pc'y) + 4P csc(5)) + SN csc(5) (I.14)

c. Five Nozzles (Cross)

D G= Dt(F(pa, pcY) + 2 RE?)+ 2 SN (I.15)
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d. Four Nozzles

(P) G D(F(p,py) + T2?)+ sN v i2 (1.16)

e. Three Nozzles (Linear)

(DP) G= Dt(F( Pa-pc)Y) + 2 V)+ 2 S N (1. 17)

f. Three Nozzles (Triangular)

(D) Dt(F~ppy + %FE' s e c( + 5N s e c(1) (1. 18)

g. Two Nozzles

(D) D,(F(p~~)+I' + SN (1. 19)

From relations (I.14) through (I.19), clear that the separation of

the nozzles SN produces a direct additive effect on the plume diameter (Dp)G

Calculations which ignore or neglect SN will predict a plume diameter that

is too small.

To illustrate what happens when the multiple-nozzle effect is

more accurately accounted for by means of geometric modeling, some sample

calculations are presented and a comparison is made with plume diameter

calculations using the "averaging" relations (1.7) through (I.;0). For

convenience, it is assumed that SN • 0 in these calculations, and tho

following typical values were chosen for the rocket parameters:
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Spa 1.014 bar

Pr 55.17 bar .-- F(pa3pcy) : 2.619, using Eq. (1.3)

y = 1.25

Dt = 0.184 m

E = 20

Example I. Two Nozzles

a. Calculation by Eq. (1.19):

(D) D,(F(ppy +

(o) G= 0.184 t2.619 + 4.4721 m

(Dp)G = 1.305 m

b. Cdlculation by Eq. (1.9):

(Dp)N = D Aqr F(Papy) = 0.184 (1.414)(2.619)

(D = 0.58I1 m
P1 N

c. ComparIson:

!P)G 1.305-7 , 1.916
DO) 0.681I
tN
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Example 2. Three Nozzles (Linear)

a. Celculation by Eq. (1.18):

(Op)G = 0.184 [2.619 + 2 (4.48))

(p G = 2.131 m

b. Calculation by Eq. (1.9):

(Dp)N = 0. 184 ['3 (2.619)

P N) = 0.835 m

c. Comparison:

( D p G 2. 131
(D) ~-2.3 = 2.553

(Dp)N 0.835

Example 3. Three Nozzles (Triangular)

a. Calculation by Eq. (1.17):

(Dp ) 0. 184 2.619 + 4.866)

D!( G 1.434 m

I

I
'I
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b. Calculation by Eq. (1.9):

(Dp)N = 0.1 8 4 V-J (2.619) m

N

( 0p) N=0.835 m

c. Comparison:

P) G 1.434
- = 1718

(D ) 0.835 .i

For the four nozzle case one finds similary that (DPG - 1.72, while for

the five nozzle pentagon this ratio is approximately 2.00, and for the six

nozzle configuration the ratio is 1.82.

From the above illustrations it is evident that the calculation

of the effective plume diameter via the "averaging" method of Eq. (1.9)

yields a plume diameter that is too small by a fc~ctor of approximately two

at the lower altitudes where pa has values between 0.01 and I bar. At high

altitudes however where F(pa, Pcy) becomes large, the opposite is true, and

Eq. (1.9) gives values for D that are higher than those estimated by the

geometric relations (I.13) through (I.19). For example at pa = 5.52 x 10-9

bars (altitude = 140 km), one finds, assuming again y = 1.25 and pc = 55.2

bars, that F(Pa PcPy) = 5,473.25. Thus for two nozzles, one obtains in this

-- • case (Dp)N = 1,424.22 meters from Eq. (1.9), while Eq. (1.19) gives (Dp)G =

- 1,007.89 meters. For more than two nozzles, (Dp)N Is even much larger than

(Dp)G , and approximately (Dp)N/(Dp)G -%N at high altitudes.
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The geometric method fails to account for intermixing of the jets

from different nozzles. It assumes that gas in the intermixing overlap

r~jions of: different jets, results in a gas at the same pressure and density

as the gas in non-overlap regions, which is of course unphysical. The

"averaging" method on the other hand assumes that the jets are completely

and thoroughly mixed and issue from one "averaged" nozzle.

At high altitudes where the jets of the different nozzles have to

travel a considerable distance before reaching the max;mum diameter D , andp

where there is some time available for intermixing, the "averaging" method

for calculating plume diameters should be quite adequate. At the lower alti-

tudes however, where expansion to the maximum plume diameter is rapid and

takes place before high-pressure interference shocks can travel and reach

the boundaries of the jets, the simple geometric method outlined above should

suffice. tus a compromise tilerefore one may assume the following relation

for the plume diameter of a multi-nozzle rocket:

F7  .)eff (Dp)G H(D- D ) + (D) H(D-D ) , m (1.20)

Here H(x) is the unit step function (H(x;o) =I; H(x<o) = 0), and (1.20)

states thus simply that (Dp)eff is the larger of DPG and DpN Expressions

for (Dp)N and (Dp)G to be used In (1.20) are of course (1.9) and (1.13)

through (I.19), depending on the number of nozzles.
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NOMENCLATURE AND UNITS

The various symbols adopted in the Rocket Radiation Handbook consti-

tute a compromise between those that are current in various disciplines. For

example, the symbol a, which was adopted for microscopic cross-sections (cm )2

is presently used by most applied atomic scientists and nuclear engineers,

although theoretical nuclear physicists often prefer Q and some chemical

kineticists employ S for this parameter. Since Q and S have already other

well-established meanings in engineering, a was chosen in this case for cross-

sections. A determined effort was made throughout to stay as close as is

practically possible to already established nomenclature.

The symbols adopted for radiometric quantities are, with few excep-

tion;, in conformity with those recommended by the "Working Group on Infrared

Backgrounds," Report No. 2369-3-S, Univ. of Michigan Institute of Science and

Technology (1956). Further, the mks (meter, kilogram, second) system of units

is used throughout, although in some instances a conversion to English units

(foot, pound, second) is provided for the benefit of those that are still

accustomed to it.
4

If
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a,a(x) Earth albedo or total solar reflectance (at wavelength

X) from earth atmosphere and surface.

a = Wavelength-averaged earth albedo

a = 2) = Concentration of H2 entering AB reaction region (used
0 in Appendix E only), moles per kgm of a;r plus exhaust.

a = Original radius of axisymmetric exhaust plume, m.e

a = Radius of bottom face of a full cone, m.

al~a2 = Radii of end faces of truncated cone, m.

2
A = General surface area, m •

2
A e Rocket nozzle exit plane area, m 2

e

Aexh = Plume maximum cross-sectional area, m 2

A proj,Ap,Ap = Projected surface area, ov element of projected

surface area, of diffusely emitting object, m .

2A = Sensor field-of-view area at target, mS

2At = Rocket nozzle throat area, m

A = Avogadro's number = 6.025 x 1023 molecules/mole.0

AA = Einstein total radiative decay constant for exciteAo0 A -I
level i; A1  = , sec 0

A.. = Einstein radiative decay constant for transitionsIi -I
i•-j, sec

AB = Afterburning radiation mechanism occurring in rocket

plumes (used as subscript and in abbreviation).

ABCD = Combined afterburning and collisional deceleration

radiation (used as subscript and in abbreviation).

ATMP = Abbreviation for atmospheric pumping mechanism.

Used also as subscript.
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(go2) Original concentration of 02 entering ABCD region

o (used in Appendix E only), moles per Kgm of air

plus exhaust,

b(v~vij,•vij) Dimensionless spectral band-shape or line-shape func-

tion for photon emissions of frequency v from

trans~tions i-.j with frequency spread Av\. ij.

B =Exhaust jet or plume parameter defined by Eq. (3.228).

B(X B. Stimulated deexcitation rate of excited levels of i
of species X, sec

c = Velocity of light = 2.99793 x 108 m/sec.

cc = Average molecular velocity of mole.:ules escaping

from the plume core region in deep spa&:e, m/sec.

2
* CdC = Surface area, element of surface area, m i

C = Imaginary surface surrounding region in space wheree 2

exhaust gases emit all radiation, m 2

C(Xi) = C. = Resonant photon capture rate by species X resulting
i -t

in the excitation of level i, sec .

Ca ,C e Molar heat capacity of air and exhaust molecules (at

constant pressure), Joules • ('K) per mole or per

molecule.

C = Specific particle production factor or species i,
pi

part i cles/kgm.
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CD Collisional deceleration radiation mechanism

occurring in rocket plumes (used as subscript and in

abbreviation).

CORE Undisturbed core or mach cone radiation mechanism

occurring in rocket plumes (used as subscript and

in abbreviation).

dm)dAýdX - Collision diameters oi general molecules ni, of air

molecules A, and exhau~st molecules X, m or cm.

d ,dp d d pricep pi' d,= Average particle diameter of solid entrained particles

(of species i or X) in exhaust, m or 4rm.

Doa 0 Effective diameter of equivalent cylindrical AB

chemical reactor, m.

D C Truncated-cone largest body dimension defined by

Eq. (C.41), m.

D Rocket nozzle exit diameler, m.ie

Dexh Exhaust gas diameter for adiabatic isentropic expan-

sion to amhtent pressure, m.

D h =Exhaust gas diameter for lsentripic expansion to

ambient pressure with radiation loss correction, m.

D = Radiation-limited plume diameter defined by Eq. (3.361).r

D Equivalent cylindrical diameter of rocket exhaust

plume, m bfi#,l'l j/ C-.. (WC.O)

,490
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D Sensor field-of-view diameter at the target, m.s

D Rocket nozzle throat diameter, m.

D v Rocket vehicle body or skirt diameter, m.v

S2 Diameters of end faces of truncated cone (D 2  > DI), m.

DABCD - Imaginary equivalent cylindrical diameter of ABCD

emission region, m.

D(X.) D. = Photon emission rate by species X from excited levelI I -I
i, sec

DSPR Deep space plume radiation mechanism occurring for

rocket exhausts in the exosphere, used in subscripts

and in abbreviation.

2-•,•+), .4A Diffusion coefficient, of molecules X. or X, m 2/sec.
2

=t Turbulent diffusion coefficient, n 2/sec.

"2tOt .'b +" = Total diffusion coefficient due to molecular diffusion
and turbulence, m /sec.

A
E -A Nozzie area (or expansion) ratio.A t

E(Xi) = E. Photon emission rate due to deexcitations from level i,I I -g
sec

E ion = Ionization energy of an atom or molecule, Joules or eV.

491



June 1974 FTD-CW-01-01-74
Vol. I

- Weight fraction of condensable species in rocketP

exhaust.

-.. Relative fractional probability for level i to deexcite
to level j; fj = Aj. Aij ."

frci Average probability that recombining electrons will

cascade through level i.

ft,X) Special function defined by Eq. (G.6) or (G.8) used

in formula for photoionization cross-sections (used

in Appendix G only).

f(F•) - AB reaction function tor CO afterburning defined by

Eq. (E.72)(used in Appendix E only).

f (is X) Specular photon reflection function defined byr

Eq. (3.30), dependent on angle of incidence and

photon wavelength.

fr ,fr Specular photon reflection functions for perpendicular

(L) and parallel (11) polar'ized light, defined by

Eqs. (3.31) and (3.32).

f(s), f(* Functions giving angular/geometry dependences of

the photon reflectivity of a body's surface for sun-

body-observer angle I (see Eq.(3.20)through (3.24)

and section 2.2).

fov = Field-of-vIew, used In abbreviation and as subscript.

F= Rocket thrust, Mgm(F), kgm(F), or Newtons.

F Exhaust gas diameter expansion ratio defined by

Eq. (3.367).

F = Earthshine irradiance factor for a space body (see

figure 3.8).
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F Field-of-view factor to correct for aspect-anglev

dependence of radiant intensity, defined in Appendix

C.

F(X) = F. Population rate of excited level i and species X due, I -

to radiative decay from higher levels j > i, sec1.

FIR Far-infr-ired part (8 < X s 20 4m) of the electro-

magnetic spectrum. Used in abbreviation.

- Reaction mass feed rate to equivalent AB chemical

reactor region, kgm/sec.

9c Concentration of propellant fuel burnt in rocket

chamber, moles per kgm of total propellants.

gF Concentration of unburnt fuel leaving rocket nozzle,

moles per kgm of total exhaust.

= Concen1tration of exhaust species X (X = H2 0, CO, C02,

etc.) In rocket exhaust gas, moles per kgm of total

exhaust.

S xig gi Concentration of exhaust species X at excited level i

in rocket exhaust gas, moles per kgm of~total exhaust.

g Pi Concentration of condensable exhaust species i in

rocket exhaust, moles per kgm of *otal exhaust.

Sgtot91gtoto Total moles per kgm, at entry point (subscript o), of

* j reactants (used In Appendix E only).

g(x) = AB reaction function defined by Eq. (E 44)(usLd in

9Appendix E only).
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3G = Total mass density of reactants in AB region, gm/cm

G(X.) G. Net influx or outflux of molecules X in excited
I -t

state i due to transport, sec

h= Altitude, km
= = 1-27

= Planck's constant 6.6252 x 0 erg.sec (when

appearing next to frequency).

h = Height of undisturbed Mach cone. m.

= h(§H0) = Reaction function for H20 production by AB process
defined by Eq. (E.50)(used in Appendix E only).

H = Irradiance or illumination intensity, watts/m2n

H = Total solar irrqdi.#nce or illumination intensity from
0 

2-
the sun in.the vicinity of planet earth, watts/m.

.H . Irrddiance or illumination intensity in wavelength
2

range AX, watts/mi

HB(x) = Irradiance .or illumination intensity at wavelength X

from background radiation, watts/m2.

HE= HE(X) % Irradiance or llumination intensity due to earthshine
(at wavelength X), watts/mi

H(X) Irradiance or illumination intensity at wavelength X
1 2

from 3 general Iliuminating source, watts/mi

HS(x) = irradlance or illumination Intensity at wavelength X
2from the sun, watts/in
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HT(X) Irradiance or illumination intensity at wavelength X

from a radiating target, wat'ýs/m 2 .

"dH Spectral solar irradiance, W • m 2  nm .
dX

H(x) = Heavlqide unit step function; H(x) 0 for x < 0,

H(x) = I, for x -- 0.

H(Te) = Enthalpy of exhaust gas in the nozzle exit plane,

Joules/raole or kcal/mole.

AHc AHx Molar heat of combustion of rocket Fuel, or species

X, Joules/mole or kcal/mole.

= Used as a subscrip. to indicate an excited level in

an atom or molecule.

I = Rocket propellant specific impulse, sec.
sp

IR Infrared part (I ; x < 20 4m) of the electromagnetic

spectrum. Used as subscript and in abbreviation.

ICO = Integrated cloud observation viewing condition; used

as subscript and in abbreviation.

I

,j Used as a subscript to Indicate an excited level in

an atom or molecule.
R

-I
J =Radiant intensity, watts • ster.
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-I

J(X) = Radiant intensity at wavelength X, watts • ster.

-I
J(ý) = Radiant intensity .z frequency -, watts ster

dJ/dX = dJ(X)/dX = Radiant intensity at wavelength X per unit wavelength,
-I -I

watts • ster • . m

dJ/d-) = dJ())/dý = Radiant intensity at frequency 0 per unit frequency,

watts ster THz ,or watts - ster *Hb

J = Radiant intensity r'ie to the ABCD mechanism in aABCD

rocket plume onl # ,•ts • ster .

JCORE = Radiant intensity due to the CORE mechanism in a rocket
- I

plume only, watts - ster .

JDSPR = Radiant intensity from a rocket plume in deep space,
-I

watts - ster

JSUAR = Radiant intensity from a rocket plume due to solar -I
ultraviolet absorption and reemission, watts • ster

JATMP = Radiant intensity due to atmospheric pumping, watts
-I

ster

JSOSP = Radiant intensity due solar photon scattering by

particles in rocket exhaust, watts * ster .

JVBSR'JVBER = Radiant intensity due to rocket vehicle body solar

reflections (VBSR) and earthshine reflection (VBER),
-!

-- watts • ster,

k= Used as a subscript to Indicate a g3neral excited level

In an atom or molecule.
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k Boltzmann's constant 1.3804 x Jo23 joule • (OK) I

when appearing next to temperature T.

kd Collision factor from the kinetic theory of gases;

kd = 1.000 for hard-sphere molecules, kd = 1.2652 for
"inverse-fifth-power-repulsion" molecules (Ref. 34).

kMf kmr Forward (f) and reverse (r) chemical.reaction rate

constant fnr reaction m (used in Appendix E only),3 -I -I
cm .mole I sec (first-order reactions) or

6 -I -I
cm .mole .sec (second-order reactions).

K = Effective overall AB chemical rate constant (used in
0 3 -1 -I

Appendix E, cm • mole .sec

Length of (truncated) cone, m.

Ic = Mean free path for molecular collisions, m or cm.

L = Length of cylindrical body, m.

= Longest linear dimension of optically dense plume

cori in deep space, m.

Lp = Equivalent cylindrical radiating plume length, m.

L(Xi)=L = Collisional deexcitation (V-T) rate of excited levels
;': of species X, sec.

LM,LM = Average length of Mach core region, m.

LABCD = Imaginary equivalent cy~indrical length of ABCD mixing

* region, m.

* ;
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LaL Length of equivalent cylindrical AB chemical reactor,

m.

L Relative intensity of special solar spectral lines inm

the UV (see table 3-2).

L(§), L(2Ho),L(Co2) = Reaction length (defined by Eq. (E.49) or (E.71;) for
conversion of H20 and CO2 in AB region to the limit

values H 20 or %CO2 (used in Appendix E only).

m Real part of the optical index of refraction of a

material.

-3
m Molar density of air, moles • ma

-3
m Molar density of rocket exhaust, moles - m .e

m I = Molar density in CORE/ABCD interface region moles •
-3

m

m tot = Total number of reactants per unit volume (used in

Appendix E only), moles • cm-3.

M Molecular mass, amu (= molec. wt.) or grams.

Ma' air Average molecular weight of air, amu (= gms/mole) or

kgm.

M ,M eAverage molecular weight of rocket exhaust in nozzle

exit plane, amu (= gm/mole).

M ,M Molecular weight of condensables (of species i) in

rocket exhaust, amu (= gmi/mole).
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M = Molecular weight of gaseous rocket exhaust species X,X
amu (= gm/mole).

M = M = Reduced mass of molecules X-Y collisions, defined by
X XY

Eq. 3.71, amu (= gm/mole).

MIR = Mid-infrared part (4 :5 X !; 8 4m) of the electromagnetic

spectrum. Used in abbreviation.

M = Vibrational mass of normal vibration a, amu.

M. = Effective vibrational mass for transition i-*j, amu.Ii

n = Molecular density, molecules/mr3

nX = Molecular density of molecules X, molecules/in3

n X.,n( Xi),n. = Molecular density of molecules X in excited state i,
3

molecules/mr

n = n air n a(h) = Molecular density of air, molecules/m3

n = General background gas molecular density which diffuses

into gaseous jet, molecules/m3.

n = Molecular density of exhaust In nozzle exit plane,

molecules/m3.

n tot Total molecular density, molecules per m 3

nF Molecular density of fuel molecules in exhaust,
3molecules per mi

t -2 -I
N= Total radiance, watts im 2 Sr .r
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N = Flow rate of molecules, molecules • sec

N = Total number of air molecules in ABCD region of plume.
a

NexhNe = Total number of exhaust molecules in ABCD region of

plume.

N.,N(Xi) = Total number of molecules of species X at excited

level i.

N.. = Total number of excitations or deexcitations i-ej.0j

N = Total number of condensed (liquid or solid) particlesp
in rocket exhaust released in atmosphere.

NX = Total number of molecules of species X.

No -2 -I -I
= Spectral radiance, watts m .sr •LM .

0-2 -1 -I

N, = Spectral radiance, watts , m sr • Hb

NY = Number of photons.

"y. = Number of photons emitted from excited levels i.

NIR = Near-infrared part (0.7S X• r 4 ý m) of the electro-

magnetic spectrum. Used in abbreviation.

p = General gas pressure, bars.

P =(gco) 0  =Moles of CO entering AB region per kgm of air plus

exhaust, defined by Eq. (E.60)(used In Appendix E

only).
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Pa = Pa(h) = Ambient air or atmospheric pressure, bars.

P = Exhaust gas pressure in rocket nozzle exit plane,

bars.

Po = Design pressure of exhaust gas in nozzle exit plane,

bars.

PC = Rocket chamber gas pressure, bars.

Ptot = Total pressure, bars.

Pi = Average excape probability for photons emitted from

level i to escape from p!ume without being reabsorbed.

Poi Probability of exciting level i in a collision between

an exhaust and air molecule in the AYMP process.

Pr Atmospheric pressure at altitude where radiation

cloud diameter prevails (Eq. 3.361), barr.

P = Radiant power = Total rate of energy emitted by a

body, watts.

PCORE = Total radiant power emitted from the CORE region, watts.

P(x.) P. = Coliislonal excitation (T-V) rate of excited levels i
of species X, sec .

qi~q• = Boltzmmnn exponent factor defined by Eq. (3.187).

q = (g 0 2 ) = Moles of 02 per kgm of exhaust plus air entering AB

0 region, defined by Eq. (E.61)(used in Appendix E only).

Q = Used as subscript on temperature T and velocity V for

ABCD region.
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r = Radius of cylindrical body, m.

"r = General position vector, m.

rf = Radial distance from rocket plume axis to diffusion

front, m.

r A-9r = Collision radii of air (A) jnd exhaust (X) molecules,

cm or m.

rH2 O,rCO 2 = Rate of reaction of H20 and CO2 production (used in
Appendix E only), moles - cm- 3 . sec"1.

r = Equilibrium separation for normal vibratiqn ot in01, i

electronic excited level i (used in vibronic bard

calculations), cm.

R=Gas constant = 8.317 Joules • (°K) I mole-I

R =Radius of spherical body, m.

R = Radius measured from center of earth, m or km •

RE = Earth radius, m or km.

2 2
R . = Transition (i- j) matrix element, cmIi

R( X) = R. = Rate of excitation of levels i of species X due to

V-V resonaot potential energy transfer collisions,
-I

sec

Re = Reynolds number.

RW = Radarwave part (20!-- X, r 10,000 pm) of the electro-

magnetic spectrum. Used in abbreviation.
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Moles of CO2 produced due to CO afterburning in ABCD

region per kgm of air plus exhaust (used in Appendix E

only).

2
Unit surface element vector, m 2

S Distance between observer and rocket, m.

SAP = Length of rocket trail in the part of the atmosphere

where the atmospheric pumping mechanism is active, m.

SHACR = Length of rocket trai! in that part of the atmosphere

where high-alcitude chemical reactions are active, m.

S(Xi) Si Rate of deexcitation of levels i of species X due to

tesonant V-V potential energy transfer collisions,
-I

sec

S - Approximate solar UV atmospheric transmission factor

def;ned by Eq. (3.300).

S(r') Init;!• distribution of molecules (as a function of

point r') In diffusion problem at time t = 0 (used

only in Append:x D).

S 0 Total number of molecules in diffusion problem (usedo

only in Appendix D).

SUAR Solar uitraviolet absorption and reradiation mechanism

occurring in rocket plumes at high alt!tudes (used as

subscript and in abbreviation).

, * SOSP Scattering of solar photons by particles in rocket

plume (used as subscript and in abbreviation),

503



FTD-CW-01-01-74 June 1974
Vol. I

t Time, sec.

tt Time measured from rocket thrust cessation, sec.

tb - Rocket burn time, sec.

tf - Time of travel for the inwards moving turbulent

diffusion front to reach the axis of the exhaust jet,

starting at the nozzle exit plane, sec.

tAp = Rocket travel time in region of the atmosphere where

atmospheric pumping is active, sec.

LHACR = Rocket travel time in region of the atmo3phere where

high-altitude chemical reactions are active, sec.

t - Field-of-view transit time defined by Eq. (3.264), sec.

T = General temperature of a body or gas, OK.

Ta Temperature of ambient air or atmosphere, °K.

Tc Rocket combustion chamber temperature, OK.

Te Rocket nozzle exit plane temperature, OK.

Texh = Temperature of rocket exhaust gas after expansion to

ambient pressures assuming adiabatic isentropic

expansion, OK.

Th Temperature of rocket exhaust gas after expansion to

ambient pressures assuming isentropic expansion with

radiation corrections, OK.

T = Design temperature In rocket nozzle exit plane, OK,0

T = Average temperature of exhaust, and air in ABCD mixing
r

region due to all possible effects, OK.
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T = Average temperature of exhaust gas entering the ABCD

mixing region, OK.

TI, I = Average interface temperature in boundary between

CORE and ABCD region, OK.

Tmix = Average temperature of exhaust gases at TQ and air atIa when mixed without AB or CO heating effects, OK.

ATAB = Mean temperature increase in ABCD mixing region due
to afterburning, °K.

ATCD = Mean temperature increase in ABCD mixing region duEI to

collisional deceleration, 0 K.

TM = Mean t•mperature in Mach core, 'K.

Tr = Tr(S,X,h) = Atmospheric transmission for distance S, wavelength X,
! and altitude h.

Tr1 Tr(b (h) = Transmission of solar UV from outer space into the
atmosphere.

TTO =Target tracking observation viewing condition; used

as subscript and in abbreviation.

u,u = Kinetic energy of a molecule (X), ergs or Joules.

U =Energy, Joules or ergs.

UV = Ultraviolet (200 i; X :r- 380 nm) part of the electro-

magnetic spectrum. Used as subscript and in
abbreviation.
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UVIR Ultraviolet-visible-infrared-radarwave (0.1 I

1000 1 m), or molecular emission part of the electro-

magnetic spectrum. Used in abbreviation.

UVIS Combined ultraviolet and visible (200 < E 700 nin),

of the electronic emission part of the electromagnetic

spectrum. Used as subscript and in abbreviation.

v = Mean molecular velocity, m/sec or Lm/sec

Va/X - Mean relative molecular velocity between air and

exhaust molecules, m/sec or cm/sec.

V - Average molecular velocity of molecules Y with respect

to molecules X, m/sec.

v Vibrational quantum number.

V ,V = Vibrational quantum number of normal vibration a,

in state i.

Av I Change in the vibrational quantum number of normal

vibration in a transition i-4j; Av = v - v

V = General bulk velocity, m/sec

V = Average velocity of air relative to the plume, m/sec.a

V c = Mean bulk velocity (relative to the rocket) of the

molecules in the core region of the plume in deep

space, m/sec.

SV Turbulent friction velocity, m/sec.
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V = Nozzle exit plane velocity of rocket exhaust, m/sec.
e

V 0= Design nozzle exit plane velocity, m/sec.

VexhVh = Average velocity of exhaust gas upon adiabatic

isentropic expansion to ambient pressures relative

to rocket, m/sec.

VfVf = Average inwards diffusion front velocity of air moving

into the plume, ni/sec.

Vf, = Inwards diffusion front velocity of air due to
C molecular diffusion only, m/sec.

Vf = Inwards diffusion front velocity of air due to turbulent
t diffusion only, m/sec.

_V --h = Velocity of exhausL gas upon isentropic expansion to

ambiert pressures with radiation-correction accounted

for, m/sec.

V. = V.(7) = Bulk vector velocity of exhaust molecules X in excitL.JI I

level i at position ', m/sec.

V r'Vr = Mean velocity of exhaust molecules in Mach core rela-

tive to the atmosphere, ff/sec.

Vv = Vv (h) = Rocket vehicle velocity (dependent on altitude h),

rm/sec.

Vk = (V - V ) = Average air-relative exhaust velocity in ABCD region

in axial (x) direction, m/sec.

VM,VM = Average bulk velocity of exhaust gas ir Mach core

region relative to the rocket, m/sec.

V = Mean velocity of exhaust g9s 'n the ABCD region

~ relative to the rockot, m/sec.
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V = Mean velocity of exhaust qa.cs in ABCD region in thex

axial x-direction relatiye to the rocket, m/sec.

V = Mean velocity of exhaust gases in ABCD region in theY
y-direction perpendicular to the axial x-axis relative

to the rocket, m/sec.

V ACD = Average velocity of molecules (relative to the rocket)

entering the ABCD region, m/sec.

VIS = Visible region (330 5 X S 700 nm) of the spectrum,

Used as subscript and in abbreviatior,.

VUV = Vacuum ultraviolet part (10 ! X • 200 nm) of the

electromagnetic spectrum. Used in abbreviation.

VBSR = Vehicle body solar reflections, used as subscript

and in abbreviation.

VBER = Vehicle body earthshine reflections, used as subscr!pt

and in abbreviaLion.

VBSE = Vehicle body self-emissions, used as subscript and in

abbreviation.

w. = Statistical weight of excited level i.

W = Rocket-expelled propellant mass, kgm.

W = Propellant mass expulsion rate, kgm/sec.

WBB, WGB Total radiant emittance per unit surface area

(integrated ovwr all solid angles and wavelengths)

for a black-body (BB), gray-body (GB), Watts~m
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W t Total radiant emittance per unit surface areatot
(integrated over all solid angles and wavelengths)

-2
for a general solid or gaseous body, watts 0 m

WBB(x),WtotW() Total radiant emittance per unit surface area at

wavelength X integrated over all solid angles, for

respectively a black-body and a general body,
-2

watts - m .

x = X-direction along axis of jet or plume, m.

x= (qH20) = Molts of H20 produced per kgm of reactant mass in
reaction AB region (used in Appendix E only).
product

x = Anharmonic constant of normal vibratlon .

x'. = Effective anharmonic constant for transltion l-j.

XXi = General designation for exhaust species (X = CO.,,

,H20, CO, etc.), at internally excited level I.

92

y = Mole fraction.

"Yair = Mole fraction of air.

Y = Mole fraction of species X.

YY 1  = Designation for second moleculir exhaust species

(Y - H2 0, C02 ' etc.) In excited state i.
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z* = Zc(h) = Collisional excitation rate factor in the atmospherec cI

for atmospheric pumping, sec'.

Zr Zr(h) = Chemical reaction rate factor in the atmosphere forZC = C-

high-altitude chemical reactions, sez

zXd = Phuto-dissociation rate for molecules X in the exo-
-I

sphere under solar UV illumination, sec .

z = Dipole charge number of normal vibration c for

infrared-active transitions.

z.. = Effective vibrational dipole charge number forIi
transition i-•j.

Zeff = Effective charge number for outer (ionizable) electrons

in atom or molecules.

Z ,Z = Partition or "sum-of-st-ates" function of internalq v

energy modes.

ZV = Partition function of the vibrational energy states

of a molecule,

a = Aspect ang~e, that is angle between line-of-sight and

rocket vehicle trajectory, degrees or radians.

V = Angle between space object axis and object-to-sun5

line, degrees or radians.

a = Angle between space object axis and object-to-observero
line, degrees or radians.

0 eff (Effective) earthshine illumination angle between
earth-center to target line and body axis defined by

Eq. (3.50), degrees or radians.
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Dimensionless constant defined by Eq. (E.47) used

io AR calculations (used in Appendix E only).

Solar zenith angle, radians or degrees.

ýE = Solar zenith angle at a point on earth surface (see

fig. 3.7), radians or degrees.

$M Radiative ccrrect ion factor for expanding exhaust

gases due to radiation in Mach core region, defined

by Eq. 3.186.

= Morse exponential coefficient for normal vibrationcy

of electronic excited level i (used in vibronic band

calculations).

Y = c /c = Gas coefficient or ratio of specific heats.p v

Y = Used as subscript to indicate a photon.

Y = b/a Dimensionless constant used in AR -ocess calculations

for H2, defined by Eq. (E.51)(used in Appendix E only).

YS0 = Special angles defined by Eq. (3. 19)and the following

discussion.

6 Dimensionless constant used in AB catcui•'tions defined

by Eq. (E.46)(used in Appendix E only).

6 6(A ) Angle between local normal of an elemental surface
p

area dA of the plume and the sensor t s line-of-sight,
p

degrees ur radians.
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= Apex half-angle of conically-shaped space body or

plume, degrees or radians.

, Dirac delta function; 8(x) = 0 for x / 0, 6(x) I for

x -0.

= e(X) = Emissivity of a body (at wavelength X).

e = Wavelength-averaged emissivity of a body.

EY = Photon energy, Joules, ergs, or eV.

LYi = Photon energy of photons emitted from level i, Joules,

ergs, or eV.

i -= Energy of level i in a molecule or atom, Joules, ergs,

or eV.

e.. = Energy difference between levels i and j in a molecule

or atom, Joules, ergs, or eV.

Cd = Dissociation energy of a molecule, ergs, Joules, or

eV.

-=

- Hill-Draper plume parameter defined by Eq. (3.227).

- Ionization factor defined by Eq. (G.12) used in
ion

Rayleigh scattering formula.
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= Illuminator-target-observer angle, degrees or radians.

s Sun-target-observer angle, degrees or radians.

TAB = Efficiency or fractional d., . of reaction of fuel

in exhaust with atmospheric oxygen,

.1AG = Conversion efficiency of heat to airflow radiation
in vehicle body air friction mechanism.

= Fraction of molecules X excited to level i in ABCD

region due to the temperature increase by the ABCD

processes.

= Rocket engine thrust angle relative to vehicle

direction of motion, degrees or radians.

e,efov = Field-of-view angle, radians.

OeU'eL = Special angles defined in figure 3.7 and by equation

(3.49).

e 5 Photon-particle scattering angle, Os = -T s

radians or degrees.

- Non-dimenslonalized average temperature in ABCD region.

a 10 V2 Non-di,,ensionalized temperatures for ABCD region to be

used in Boltzmann factor (subscript I) and in band-

shape fur. .tion (subscript 2) calculations. Always

*" ®2 < e1.
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/O = Imaginary part of the refractive index of a material.

= Photon wavelength, 1jm or nm.

AX = Small difference, deviation, or uncertainty in photon

wavelength about the value X 4m or nm.

X = Center wavelength of solar UV spectral line, nm.c

Ac = Linewidth of solar UV spectral line, nm.

X. = Wavelength corresponding to energy level i, 4±m or nm.

'A i= Wavelength for transition i-.j, 4m or nm.
ij

X = Fundamental wavelength of normal vibration C1, 4m.

X = Wavelength below which a molecule can be photo-ionized,ion

1im.

X 1Y 2  = Wavelength of first, second electronic excitation

level(s), nm.

X = Wavelength below which predissoclatIon of the moleculepd

can occur, nri.

"Xd = Wavelength corresponding to dissociation energy of a

"molecule, Hz or Hb.

Xdwi Wavelength at or below which a molecule is photo-

dlssociated and excited level i is created in one of

the dissociation products, nm.

X= L/D = Non-dimensionalized plume length used in view-factor
Ppp

calculations
)
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S= q/p Dimensionless ratio used in AB process calculations for

CO defined by Eq. (E.69)(used in Appendix E only).

= Air to exhaust molar "mixing ratio" in the ABCD mixing
region of the plume.

V Photon frequency, Hz or Hb

"Vi Frequency of level i, Hz or Hb.

v. v. Frequency of transition i- o, Hz or Hb.10 I

V i Frequency difference between levels i and j, Hz or Hb.

AV i Frequency spread of emission band or line from

transitions i-.j, Hz or Hb.

VA"'BVc = Rotational constants of molecules, Hz or Hb.

v - Fundamental frequency of normal vibration v, Hz or Hb.

Von Frequency above which a molecule can be photo-ionized,

Hz or Hb.

V lIV2 Frequencies of first, second, electronic excitation

level(s) in molecule, Hz or Hb.

V pd Frequency above which a molecule can be prediasociated

by a photon, Hz or Hb.

V d - Frequency correspondirg to dissociation energy of a

"molecule, Hz or Hb.

Svd - Frequency at or above which a molecule is photo-

dissociated and an excited level i is created in one

of the dissociation products, Hz or Hb,

V v- Special vibronic frequencies defined by Eqn. (3.349)

and (3.350), Hz or Hb. "
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-iAB chemical reaction conversion parameter giving the

number of excited states Xi produced due to combustion

reactions of fuel molecules F with atmospheric oxygen,

per fuel molecule F.

tfr tfr(h) = Freezing fraction = mole fraction of H2 0 in exhaust

that freezes out in the plume.

to = Limiting Ab chemical conversion fraction for H2 and

CO defined by Eq. (3.216).

§h = Limiting AB chemical conversion fraction for H2
defined by Eq. (3.217).

ýc = Limiting AB chemical conversion fraction for CO

defined by Eq. (3.218).

tco = AB conversion fraction for an infinitely long plume.

B-BC = Rotational anharmonic coefficients of molecules.

p,p(M) = Reflectivity of a material for unpolarized light at

normal incidence (at wavelength.X).

= = Wavelength-averaged reflectivity of a material or

body.

P11 ,P1  = Reflectivity of a material for parallel and perpendicu-

lar polarized light.

= Average reflectivity of a material for unpolarizedS~P VlS'p UV

light in respectively the visible (VIS) and ultra-

violet (UV) regions of the solar spectrum.
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3p = Density of eý'haust gas in nozzle exit plane, kgm/mPe

p p -P =Density of solidified particles of species i in
i'PPPPi rocket exhaust, gms/cm3.

Pi = Special cross-section ratio defined by Eq. (3.81).

Pi Dimensionless vibronic factor for electronic level i

defined by Eq. (3.348) used in vibronic band calculations.

-3 -3
Pair'Pa = Density of atmospheric air, g . cm , kg • m , or

kg • cm .
-3

Pl Gas density in CORE/ABCD interface reqion, gms • cm
-3

or kgm. m

p D /D Dimensionless geometric ratio used in view factors p

calculat ions.

a - Electrical conductivity, ohm-cm.

U = General cross-section of a body, particle, or
2 2

molecule, m or cm 2

=a a, a (Wavelength averaged) photon absorption cross-section
2 2

of molecules, m or cm

a" P', = (Wavelength- and size-averaged) photon scattering
p. p 2 2

cross-section of a solid microparticle, m or cm 2

' s,7 sc Rayleigh Average photon scattering cross-section of molecules
2 2

(Rayleigh scattering), m or cm 2

aT - Apparent or equivalent isotropic photon reflections 2
cross-section of a vehicle or body in space, Mi
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4

G °e Apparent or equivalent isotropic emission cross-
n

sect.ion of a vehicle or body in space, m'.

( )m';°c i'CT c =Gas-kinetic collision cross-section of molecules m,

i, or X, m or cm

(j X)= Average resonant (V-V) energy transfer cross-section

for collisional interactions between excited molecules

Y. and non-excited molecules X resulting in excited
-J 2

molecules Xi, m .

YX)= Average collisional T-V excitation cross-section for

collisional interactions between unexcited molecules

Y and X resulting in the excitation of molecule X to
2

level i, m2

a = .yi(0 = Absorption cross-section of photons of wavelength k

by molecules X resulting in excitation i, m 2

riY " a iY(x) St;mulated deexcitation cross-section by photons of

wavelength X for excited molecules X. resulting in
2

.their deexcitation, mi.

Ca/e = y a/X a a/X = Average collision cross-section between air molecules

and exhaust molecules, m 2 .

2= Collisional deexcitation cross-section, m

Sion = Photo-ioni.ation cross-section of an atom or molecule,
,on2 2

m or cm

a abs = abs(X) = Photo-absorption cross-section of an atom or molecule2 2
at wavelength X), m or cm

= a (K) Macroscopic photon absorption cross-section (ata aI

wavelength K), cmI or m

zo (x) W + Es Total macroscopic photon extinction cruss-section (at-01 -I
wavel ength X). cm or m.

=Es s() Macroscopic photon scattering Lrcss-section (at
5 5-, -I

wavelength K), cm or mi
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0

T - Radiative decay time of exciLed level i of species X,
I I

Sec.

T .T - Mean dwell time of exhaust molecules in core regionC c
in deep space, sec.

T = Mean or effective decay time of excited level i due

to V-V transfer collisions with suppressant molecules,

Sec.

Ti* = Average regeneration time of excitation of level i

in the AIMP process, sec.

(T a/X) = Mean time between collisions for excitation of level i
of molecule X when the latter is in a cloud in the

atmosphere, sec.

II

T = Mean time before photo-dissociation of molecules X
occurs in exosphere due to solar UV, sec.

TCD = Mean time of collis~onless trove! in a sensor's field

of view for air molecules colliding with exhaust

molecules. sec.

TM = Mean dwell time ot exhaust molecules in the core of

the plume, sec.

Tr = Mean radiative decay time of excited species in Mach

core region, sec.

TsTs ,PsX = Effective field-of-',iew transit time defined by

Eqs. (3.262) or (3.263). for molecules i or X, sec.

Ts',T' sT'x Effective field-of-view transit time defined by

iqs. (3.271) and (3.272) for molecL'les i or X, when
photo-dissociation is present.
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3
U dj z Differential element of volume, m

- Average flare angle of plume defined in Appendix F,

degrees or radians.

Ymax'(YCD) = Maximum average flare angle reached when the ambient
max pressure p a-.0, degrees or radians (see Appendix F).

=() Solar photon flux (at wavelength X), photons . m-2
-I

sec

dF Spectral solar photon flux (at wavelength X), photons
dX -2 -m

m nm

i = Degrees of freedom of molecular species i; for diatomic

mnlecules 0i = 5 and for triatomic molecules 0i ; 7.

0 Special parameter defined by Eq. (3.222), used in

vibrational matrix element calculations.

0 Optical angle of incidence, degrees or radians.

00o0s = View angles defined in figure 3.1, degrees or radians.

= Photon fluence per unit frequency, per unit wavelength,
""V... -2 -1l

photons cm. • sec • Hb

I
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x Angle used in d'ilectric reflection calculations,

defined by Fq. (3.39), degrees or radians.

X Special frequency ratio used in photoionization

cross-section cai 2at~cns, defined by Eq. (G.7).

= Dihedral angle between planes of 5 and a (see

Figure 3.1).

*i= Gain in concentration of species i in exhaust due to

creation by AB process, moles/kgm.

*s = Sun-target-observ, angle, degrees or radians.

w = Angle between directioi of polarization and the plane

of incidence, radians or degrees.

dn= Solid angle, differential solid angle, steradians.

I5
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UNITS AND CONVERSiON FACTORS

Prefix Scaling Values:

T =Tera- = 1012

G =Gi ga- = 1 09

M Mega- = 106

k kilo- = 103

h hecto- = 102

da = deca- = 10

Basic Unit = 1

d = deci- = 10-1

c = centi-- = 10-2

m = milli- = 10-3

= micro- 10-6

n = nano- 10-9

p = pico- = 12

f = femto- = 1015

a atto- = 10-18

Examples: 1 pm = 10"12 meters; 1 MJ = 106 Joules; 1 he%/ 100 electronvolts.

1 mTorr 10-3 Torr; etc.

Length:

1 m = 1 meter = 100 cm

1 cm = 1 centimeter = 0.01 m

1 ft = 1 foot = 30.48 cm

1 in = 1 inch = 2.54 cnm

I nm= 10-9 m = 7 cm I0o1?CDD PAGE.T ZIFW
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S-8 -10 -1
1 A = 1 Angstrom = 10 cm = 10 m = 10 mm

1 w•m 1 ni crometer = 1 micron = 10.4 cm o106 m

1 km = 10 meter = 0.6215 mile

1 mi. = I mile

1 n.mi. = 1 nautical mile = 1.853 km

Area:

1 barn = 10-24 cm2 028 1 2

1 a = I are = 102 m2 = 106 cm2

1 ha = 1 hectare =104 m 2 108 cm2

I acre = 43,560 ft2 = 0.4047 ha ;- 4046.8564 m2

Vol ume:

1 ; =1 liter 1000 cm3  1.057 quart

1 mi = I milliliter = I cm3

1 gal = 1 gallon 4 quarts = 3.785 A

1 qrt = I quart '0.9461 e

1 uu.ft. = 1 ft 3  7.481 gal. 28.32 1

1 cu. in. = 1 in 3  16.387 cm3

Time:

1 s = 1 se=;1 second

1 ms = 1 millisecond = 10"3 s

l1 s = 1 microsecond = 10 s

ns = 1 nanosecond = 10"9 s

1 year = 365 days = 8760 hours =

1 year = 525,600 minutes = 3.1536 X 107 seconds
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Mass :I
I g 

1 1 gn= I gram =10- 3  kg

1 kg I kilogram = 10 g

1 lb 1 pound = 453.59 g = 0.45359 kg

I slug = 32.174 lb ý 14.594 kg

I metric ton = 103 kg 106 g = 2205 lb

I British ton = 2000 lb 907.2 kg

1 amu = I atomic mass unit = 1.65983 X 10-24 g

Photon Frequency:
-1

I Hz = 1 hertz 1 s - 1 cps = 1 cycle par second

1 Hz = 33.356 pHb 3.3356 X 19-11 Hb

1 MHz = I megaherz 100 Hz - 0.033 mHb

1 GHz = 109 Hz = 33 mHb = 0,033 Hb

I THz = 1 terahertz = 1012 Hz = 33.36 Hb
-1

1 Hb = 1 herzberg = 1 cm = I wavenumber

I Hb = G.03 THz = 30 GHz

1 mHb = I miI 1liherzberg =10-3 Hb 1 -3 cm 1I

I pHb = I picohe-zberg = 1012 Hb

I mHb = 30 Mhz

Enerqy:
2 -2 =1 "

1 erg = 1 dyne-cm I g. cm 2 s 10 7 J

"= 6.2418 X 1011 eV

2 -2
1:: I J = 1 Newton-m = 1 kg.m 10s 10 erg =

= 6.2418 X 1018 eV

1 eV = 1 electron-volt = 1.6521 X i0 1 2 erg
V.-- 1.6021 X 19 Joules
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1 cal = 1 calorie = 4.18 1 = 4.18 X 107 ergs

1 kcal = 1 Cal = 1 ki localoric 1000 cal = 4,180 J

1 eV/molecule = 23.06 kcal/mole

I BTU = 252 cal 778 ft •lb = 1055 J

Poewer:

1W = 1 watt = J •s-1 = 10 7 erg s 1

1 kW = 1 Kilowatt = 1 W

1 HP = 1 Horse Power = 0.746 kW

I BTU/hr = 0.29306 W

Pressure:

1 atm = 1 atmosphere = 760 Torr = 1.0133 bar = 14.696 psi
Iorr = 1 mm Ho = 1.3158 X 10-3 -2

atm "1333.2 dyne .cm

I bar = 0.9869 atm = 750 Torr = 106 dyne cm 2 = 103 pascal
-2 -"2 -2

1 pascal = 1 Newlon. m = 10 mbar = 10 dyne cm

1 psi = 1 1 b • i o" 2 = 6.895 X 104 dyne. cm-2

1 psf = 1 lu ft 2 = 478.8 dyne .cm

Force:

1 dyne = 10"5 newton 1 g • cm • s"2h-2 0
1 newton = 1 kg . M * = - 10 dyne = 7.2330 poundal

I poundal 0.031081 lbs-force

I lbs(f) pound-force 0.4536 kg(f) = 4.445 Newton

I g(f) gram-force 980 dyne 0.00980 Newtons

1 Mg(f) - 103 kg(f) = 106 g(f) = 9,800 Newtons
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Temperature:

1 1K I degree Kelvin ( R
5

1 0 R - 1 degree Rankine = •5 oK
9

x °C = (x + 273.16) OK

x 0F (x + 459.7) OR

Electrical

I C = I coulomb = 6.242 X 1018 electrons

1 Faraday = 96,520.1 C = 6.0247 X 1023 electron charges

1 A 1 amp = 1 ampere = 1 C. s-1

= 6.242 X 1018 electrons. s~1

IV = I volt = I W.A =I J .C 1

1 • = 1 ohm = 1 V . A- 1

1 F = 1 farad

1 H = 1 henry
1 esu = 1 electrostatic charge unit = 1 erg/2 cm/2

= 1.6021 X I019 C

1 debye = 1 dipole moment unit 10- 18 1/2 cm3/2

0 erg

II
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BASIC PHYSICAL CONSTANTj

Avogadro's Number A = 6.02471 X 1023 molecules. (mole)-1
0

Atomic Mass Unit amu = A-I = 1.65983 X 10.24 g
0

Boltzmann Constant k = 1.3804 X 10-16, erg -(K)- 1

2o--= 1.3804 X 10- , Joule (°K)

= 0.86167 X 10.4, eV • (OK)-1

Gas Constant R = 8.317 X 107 erg .(°K)-I . (mole)-1

= 1.987 cal • (°K)_1 . (mole)-I

3 -1= 83.17 bar • cm3 
. (°K)-1 (mole)

= 82.08 atm. cm3 . (OK)_ 1  (mole)"I

Plarck's Constant h = 6.6252 x 10.27 erg/Hz

= 6.6252 X 10-34 Joules/Hz

= 1.9862 X 10" 16 ergs/Hb

= 1.9862 X 10-23 Joules/Hb

Velocity of Light c = 2.99793 X 1010 cm/sec

= 2.99793 X 108 m/sec

Electronic Charge Squared e2  = 2.3068 X I0" 1 9 erg •cm

= 2.3068 X 10-28 Joule. m

= 1.440 X 10.7 eV -a

-10 1/2 1/2
Electronic Charge e 4.8029 X 10 erg cm

= 4.8029 X 10"10 ebU

Ele-tror~r Mp m M n.54875 X 1.0" amu

0. 91 083'-X 102 g

= 0.91083 X 10"3 0 kg

I -2
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Proton Mass m P 1.00759 amuP

- 1836.2 me

--4
= 1.67243 X ,0

= 1.67243 X 10- 2 7 kg

Neutron Mass m = 1.00898 amun

= 1838.7 me

= 1.67474 X 10-24

1.67474 x lo-27 kg

Hydrogen Atom Mass mH = 1.00814 amu

= 1837.1 me

= 1.67334 X 00-24 g

= 1.67334 X 10-27 kg

Farth Gravitational Constant g= 980.665 cm/sec 2 = 9.80665 m/sec 2

gpole = 983 cm/sec2  9.83 m/sec2

gequator = 978 cm/sec 2  9.78 m/sec

Bohr Orbit (Hydrogen Atom) a = aH = h2 /(4n 2 m e2 ) =Radi us 0o e
= 0.52917 X 10-8 cm

= 0.52917 X 10 m

Classical Electron Radius a = e2/(m C

= 0.28178 X 10 cm

-14
= 0.28178 X 10" m

S • 0 -1 0Compton Electron Wavelength x h/rnC = 2.42626 X 10 cm

c e

= 2.42626 X 10-12 m
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Fine Structure Constant Cy 2hTe 17.
hc 137.O04

Planck/Boltmann Ratio h/k = 1.43886, (OK) Hb- 1

= 4.79948 X 13 -11, (OK) . Hz- 1

e2  2TT~mee 4
R/dberg Energy (Ionization Energy Ry =13605 eV

of Hydrogen Atom) 2a h2

- 2.1197 X 10- 11 erg

- 2.1797 X O_018 JouIes

Electron Rest Mass Energy c me c2 = 0.51098 X 10 eV

- 81864 X 10-7 g

* 8.1864 X 1014 Joules

2T-S2 08
tiectror, Velocity in Boh," Orbit v -- = 2.188 X 10 cm/sec

= 2.188 x 106 mr/sec

Thomson Electro, Cross-Section 38 2 a 8 2

TTT e m3 c2

0.6652 X 10-24 2

0.6652 X 10-28 2

Bohr Orbit (Hydrogen Atom) 08 = hra 2

Cross-Section 4TT me

= 0.8798 X 10-1 6 cm2

0.8798 X 10- 20m2

Stefan-Rcltzmann (Radiatlonr = ' TT k4
Corstant 15 h3 c2

= 4.6687 X I02% W .c"? (°K) 4
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Photon Paraineter Conversions V = c
(Encrgy c, Frequency v,
Wavelength X) = h

-1 -1
(1 Hz = I sec ; 1 Hb I sm ) \)(Hz) = 2.99793 X 10 - (cm)

"v(Hb) =,-1 (cm)

(1z) = 1.5094 X 10 (erg)

v(HLb) = 5. 0341 X 1015 e (erg)

v(Hz) = 2.4182 X 10I1 4 (eV)

v(Hb) = 8066.166 •e (eV)
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ABSTRACT

/\
"-/A review it given of various mechanisms responsible for the

generation of infrared, visible, and u'traviolet radiation from aerospace
rockets. Key mechanisms responsible for most of the observed radiation
are identified by examining the order-of-magnitude of the energy that is
fed to each oie. For the exhaust, the major mechanisms are:

Undisturbed Core Relaxation (CORE); Afterburning (AB); Air
Shock Collisional Deceleration (CD) ýtmospneric Pumping (ATMP);
Solar Scattering by Particles (SOSP,; Solar Ultraviolet Absorp-
tion and keradiation (SUAR),

while radiation from vehicle hardware is primarily caused by:

Vehicle Body Solar Reflections (VBSR); Vehicle Body Earth-
shine Reflections (VBER); Vehicle Body Self-Emissions (VBSE).

The AB and CD mechanisms are coupled and abbreviated ABCD.
CORE and ABCD radiation are produced in different regions of the rocket
plume and it is shown that they can be analyzed separately; together
they are responsible for most of the infrared emissions from a thrusting
rocket. ATMP is a weak infrared afterglow radiation from the slowed-
down exhaust cloud that is active only at medium-high altitudes. It

-decays slowly but is usually not observed because of itt dilution and
because it is outside the field-of-view of a venicle-tracking sensor.

SOSP and SLIAR' are primarily operative in the visible part of
the spectrum. SUAR is important at altitudes above 135 km and is shown
to be the origin of several spectacular emissions in the visible observed
during the Apollo space flights.

After a qualitative survey, detailed quantitative expressions
are developed fur each of the main mechanisms. These expressions provide
the spectrai radiance as a function of altitude for different types of
fuel/exhaust species, rocket hardware paramneters, and rocket trajec-
tor~es. In the derivation of the analytical expressions for ABCD and
CORE radiances, a new approach is presented which differs from most
ca- I ier techitiques. The new approach consists of applying the conserva-
tion law to the rate of production and loss of ýxcited states In the
plume, the use of Gauss divergence theorem to the radiating re-lon, and
the application of generalized spectral broadening functions which are
evaluated in Volume II. Although some inevitab!e approximations are
used, the new technique appears to give results that are more tractable,
more general, and more exAct than those obtained by earlier methods.

Examples are fi-ne-lly presented Ow1 how to calculate altitude
dependent rocket-radiaticn signatures in the infrared.I- Computer-
calculated curves of the integrated r-jdlation In selected pvctral ranges
of the 2.66 l.Lm H10 band and t0e 4.26 lm CO2 band are shown as a function
of flight time for two different rockets. Computer-calculated NIR and
UVIS speccral emissions are also presented as a function of wavelength
for a given altitude.

UNCLASSIFIED
SILUNITY CLASSIFICATION Op rHIS PAGE(When Dote Enrered)
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where:

f•) 2n (-i-) - exp-(2nx) (

vion / 2

X -~ (G.7)V V "" ion

and where:

Zeff Effeccive charge number of atomic shell from

which electron under consideration is removed

in the ionization process (see Table G-I).

v ion Ionization frequency for electron transition

under consideration in atom or molecule, Hz

v = Photon frequency, Hz

For frequencies v such that vion < v < 6vo , Eq. (G.6) may be
ion ' v - ion

approximated with an accuracy of I percent by (Ref. 44):

-f(x) 0- .,, - 0.010 (G.8)- , I
ion oni

With (G.8) substituted in Eq. (G.5), one then obtains the useful relation;

1443
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5/23/

ion ion0

a ion --6.30-x - 0.087 "- cru

(V ior, < v < 6v ion) (G.8)

In Tables G-1 and G-2, values for Zeff and v.ion are listed for some

atoms and molecules.

G.2 RAYLEIGH SCATTERING

To obtain theoretical relations for the Rayleigh scattering of

photons by molecules, one requires again the theory of quantum mechanics.

From Refs. 44 and 45, one finds that:

dcsc 8 rr e I + cos 2e
= -outer m c2/ i , 6 - /

cc 3m ýme169r/

3.9706 X I0"26 Z(I + cos 2e) cm (G.9)
oZnuter i ster

Here Zouter is the number of electrons in the outer valence shell and v.on is

the average ionization frequency of the valence shell tabulated in Tables G-I

and G-2.

The total cross-section Is obtained by integrating (G.9) over all

solid angles (cln = 2T sine de). The result is:

44
4k/)
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TABLE G-1. EFFECTIVE CHARGE NUMBERS AND IONIZATION FREQUENCIES OF OUTER

(VALENCE) SHELL FOR THE FIRST 36 ELEMENTS OF THE PERIODIC TABLE

Valeice-Shel1 Effective

Atomic Principal Ionization Ionization char

Element Number, Quantum Energy, Frequency

Z - N Number, E ion, eV Vion ,THz* /Eion
n 

= n E

SZeff "vV Ry

H I I 13.595 3320.7 1.00
He 2 I 24.580 6003.9 1.35
Li 3 2 5.390 1316.6 1.25
Be 4 2 9.320 2276.5 1.66
B 5 2 8.296 2026.4 1.56
C 6 2 11.264 2751.3 1.82
N 7 2 14.54 3551.5 2.07
0 8 2 13.614 3325.4 2.00
F 9 2 17.42 4255.0 2.26
Ne 10 2 21.559 5266.0 2.52
Na II 3 5.138 1255.0 1.84
Mg 12 3 7.644 1867.1 2.25
At 13 3 5.994 1461.7 1.99
Si 14 3 8.149 1990.5 2.32
P 15 3 i0.43 2547.6 2.62
S 16 3 10.357 2529.8 2.62
C.9 17 3 13.01 3177.8 2.93
A 18 3 15.755 3848.3 3.23
K 19 4 4.339 1059.8 2.26
Ca 20 4 6.111 1492.7 2.68
Sc 21 4 6.56 1602.3 2.78
Ti 22 4 6.83 1668.3 2.84
V 23 4 6.738 1645.8 2.82
Cr 24 4 6,76 1651.2 2.82
Mn 25 4 7.432 1815.3 2.96
Fe 26 4 7.896 1928.7 3.05
Co 27 4 7.86 1919.9 3.04
Ni 28 4 7.633 1864.4 3.00
Cu 29 4 7.723 1886.4 3.01

a Zn 30 4 9.391 2293.8 3.32
Ga 31 4 5,97 1458.2 2.66
Ge 32 4 8.13 1985.8 2.09
As 33 4 10.05 2454.8 3.43
Se 34 4 9.750 2381.5 3.38
Br 35 4 11.84 2892.0 3.73
Kr 36 4 13.996 3418.7 4.06

*1 THz = I Terahertz 1012 Hertz
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TABLE G-2. EFFECTIVE CHARGE NUMBERS AND IONIZATION FREQUENCIES OF OUTER

(VALENCE) SHELL FOR MISCELLANEOUS MOLIECULES

Valence-Shell Equivalent
Ionization Equivalent Principal Ionization Effective

Molecule Energy, Principal Quantum Frequency Charge,

E. eV Quantum Lowest V. ,THz Eo
ion Nubr Lowe'st ion i 1on

Number, Excitations, eff v Ry
nv nrc,

H2 15.422 I 2 3767.0 1.065

0 12.2 3 3 2980.0 2.842
2

N 15.576 3 3 3804.6 3.211
2

F2  15.7 3 4 3834.9 3.224
C£2 11.48 4 4 2804.1 3.676

CO ý4.009 3 3 3421.8 3.091

HC.U 12.74 3 4 3111.9 2.904

HF 15.77 2 3 3852.0 2.154

NO 9.25 3 3 2259.4 2.475

OH 13.17 2 2 3216.9 1.968

HS 10.50 3 3 2564.7 2.636

H20 12.618 2 3 3082.1 1.927

CO 13.769 4 4 3363.2 4.026
2

N 20 12.893 4 4 3149.2 3.895

NO2  9.78 4 4 2388.9 3.393
S0 2 12.34 4 4 3014.2 3.811

H2S 10.472 3 4 2557.9 2.633

HCN 13.91 3 3 3397.7 3.035

OCS 11.24 4 4 2745.5 3.637

CS2 10.079 5 5 2461.9 4.3C5

0 3 12.800 4 4 3126.5 3.881.

NH3 10.154 2 3 2480.2 1.728

CH4  12.99 2 3 3172.9 1.955
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;• ~2 2.06 zV 4 m2
0 sc u.9706 X 1 outer cm (G.10)

For most molecules z o 2.outer

Often it is convenient to express (G. IO) in terms of wavelength X

instead of frequency v (= c/X), and in terms of the ionization energy Eion

instead of v. o In this case Eq. (G. 10) becomes:
ion

CY • 5.3406 x 10" 29 X-42

€sc X(Pm) Cion cm2 G I

where:

! Zouter 15.576)4(u (G.12)
ion- 2 E ion(eV)

Here the wavelength is in pIm and we have normalized Eq. (G.II) to

the value for the nitrogen molecule N, . for which E. = 15.576 eV, and
ion

Zo 2, and thus C(ion 1. Values for E. are also tabulated ini : ou ter on ion

Tables G-I and G-2.

* Comparing Eq. (G.IO) with (G.8) it is clear that Rayleigh scattering

is very weak (by a factor of 1I0-8) compared to photoionization for v v. .
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APPENDIX H

ATMOSPHERIC TRANSMISSION OF SOLAR ULTRAVILLET

RADIATION AT HIGH ALTITUDES

To calculate ionization and excitation rates at high altitudes for

the SUAR mechanism discussed in section 3.3.7, it is necessary to have an

expression for the UV photon flux as a function of altitude. In the exosphere

(above approximately 130 km), the UV intensity is essentially constant and

as given by Eqs. (3.288) through (3.291) of section 3.3.7. However at lower

altitudes these expressions must be multiplied by a transmission factor

Trs - Trs (Xh,es) to account for the absorption losses suffered by solar

photons while traveling from the exosphere to the atmospheric high-altitude

point h(km) of interest (see Figure 2-4 of Chapter 2).

The atmospheric species responsible for most of the solar UV

absorption in the atmosphere are oxygen (02) , ozone (03), and aerosols.

Other atmospheric species also absorb in the ultraviolet, but they are either

* present in much lower concentration) or their absorption cross-section is less.

Removal due to scattering of solar UV photons also occurs, but the cross-

section for UV scattering is much lower than that for absorption, as may be

*-• seen by comparing Figure H-I with Figures H-2 through H-5 (see also Appendix G).

Figures H-2 through H-5 show consolidated plots of ultraviolet and

visible absorption coefficients as ruported in the literature •Refs. 24, 46,

47, and 48). These absorption curves are normalized to a molecular density

of n 2.55 x I019 molecules/cm3 , and for other densities n the va'ues shown

in the graphs must be adjusted accordinc tc th- relat>:,r
If
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